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1.1 Problem definition 
1.1.1 Landslide phenomenon  
Landslides, as one of the major natural hazards, takes place each year and is 
responsible for enormous direct and indirect damages. Landslides, defined as the 
movement of a mass of rock, debris or earth down a slope, can be triggered by a variety 
of external stimuli, such as intense rainfall, earthquake, water level change, storm 
waves or rapid stream erosion that causes sudden drop in shear strength of slope-
forming materials. In addition, as human urban expansion invaded to formerly 
uninhabited hillslope areas, artificial activities such as deforestation or excavation of 
slopes for road cuts and building sites, etc., have become important triggers for 
occurrence of landslide.  
Japan is observed to suffer several disasters due to its natural topographic. Until 
the 1970s, the relationship between flood and the geomorphological condition was 
studied and the results were applied to hazard mapping. After the 1980s, landslide and 
debris flow, earthquake, and volcanic activity have become the major studies of the 
disaster prevention. Ministry of Land, Infrastructure, Transport and Tourism (MLIT) 
of Japan government collected 1,310 landslide events with road traffic suspension on 
the direct administrative highway of 20,000 kilometers from 1990 to 2004 [1, 2]. Most 
of the cases, the residual slides occurs mainly in gentle slopes with the slow movement 
caused by rainfall which accounts for more than 90% (Figure 1-1) [3]. Furthermore, 
Japan is known as a nation that suffered huge damage by earthquake and seismic 
activity, and these phenomena are worsen by a huge volume of sludge generated from 
Chapter 1 
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landslide resulting in road blocking, suspension of supply lines (telecommunication, 
electricity, water, etc.). 
The results from report [1] collected the occurrence of each landslide type  shown 
in Figure 1-1. The disaster types were classified into rockfalls, surface failures, rock-
mass failures, landslides, and debris flows. Besides, road surface anomalies include 
bank failure and cracks, subsidence and collapse of the road surface. Surface failures 
account for 81% (1,067 cases), much higher compared to others types. The next one is 
road surface anomalies which consist of 78 cases (6%), followed by rockfalls and debris 
flows, landslides and rock-mass failures with 66 cases (5%), 21 cases (2%), and 12 
cases (1%) respectively. The disaster distribution with each of geology based on slope 
disaster database is shown in Figure 1-2. It clearly indicates that basement rock, slope 
angle and rainfall are factors in slide formation and distribution of landslide. 
Furthermore, snow melting is also an important factor leading to the landslide that 
indicated  by Aoyama, et al and Maruyama, et al [4, 5]. From Feb- March 2006, the huge 
damage after a heavy snowfall was recorded in many areas of Japan [6]. But the limit 
of the research is the availability on snowmelt induced landslide hazard. Based on the 
disaster occurrences and frequencies of each region in Figure 1-3, Kyushu region was 
observed to have the biggest number of cases, 645 cases, which constituted half of the 
disasters, followed by Hokkaido (nearly 200 cases) and Chubu (nearly 100 cases). 
In many countries in the world, landslides have caused substantial numbers of 
casualties and huge economic losses in mountainous areas of the world. The most 
disastrous landslides have claimed as many as 100,000 lives. In addition to human loss, 
slope failure destroys or damages residential and industrial facilities, as well as 
agricultural and forest lands, and affect the quality of water in river and streams. Man’s 
activities in disturbing large volumes of geologic materials in the construction of 
buildings, transportation route, mines, quarries and communication systems have 
been major factors in the recent increase in damaging slope failures. In the United 
States, landslides cause an estimate of US$1–2 billion in economic losses and about 25–
50 deaths annually, thus exceeding the average losses due to earthquakes [2]. Li and 
Wang [7] conservatively estimated that the number of deaths caused by landslides in 
China totaled more than 5000 during 1951-1989 period, resulting in an average of 
more than 125 deaths annually, and annual economic losses of about US$500 million. 
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Figure 1-2 Landslide disaster distribution along national highways [1] 
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Figure 1-3 Landslide disasters occurrence of each region [1] 
 
In the future, this trend is expected to continue in the 21st century for the following 
reasons:  
- The increase of urbanization and development in landslide-prone areas. 
- The continue of deforestation of landslide-prone areas. 
- Increased regional precipitation caused by changing climatic patterns.                        
A landslide has considerable impact, causing structural damage and loss of life. 
The landslide disaster occurs frequently within complex natural conditions and 
becomes major factors hindering the social and economic development in remote and 
less developed regions. In addition, most of the disaster recovery activities are being 
executed manually and mainly by human, while heavy machine cannot move to this 
area because of soft soil. In order to take advantage of machine in these areas, the 
improved sludge with sufficient strength for the heavy machine to move on is in high 
need. 
1.1.2 Cement production  
Cement has been used around the world since ancient times as binding material, 
and as a result, cement production became one of the largest sources of emission due 
to the decomposition of carbonates, makes up approximately 2.4 percent of global CO2 
emissions from industrial and energy sources [8]. From the World War II, the 
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production of cement accelerated rapidly worldwide, with current level of global 
production is equivalent to more than half a ton per person per year (Figure 1-4)[9]. 
There are two resources of cement production that result in emissions of CO2: 
- The first aspect of emission is the chemical reaction involved in the 
production of the main component of cement, clinker, in which calcium 
carbonate (CaCO3) is calcinated in a rotary kiln to induce a series of complex 
chemical reactions and CO2 by the addition of heat. These so-called “process” 
emissions contribute approximately 5 % of total anthropogenic CO2 emissions 
[10]. 
- The second source of emissions is the combustion of fossil fuels to generate 
the significant energy required to heat the raw ingredients at temperatures of 
600-900°C, and these “energy” emissions, including those from purchased 
electricity, could add a further 60 % on top of the process emissions [11]. 
Total emissions from these process (sometimes called “industry” or 
“industrial process”) could contribute as much as 8 % of global CO2 emissions.  
 
 
Figure 1-4 Global cement and fossil energy production to 2016 [10] 
 
Carbon dioxide, as one of the most important contributors to the greenhouse 
effect, whose amount in the atmosphere is increasing at a frightening rate with no sign 
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of slowing. Annually, cement production exhaust about 1,5 billion tons and content 7% 
of total greenhouse gas emission to the environment [9] (Figure 1-5). The production 
of cement requires more energy, of which drying feedstocks consume 2000 kJ/kg and 
losses energy approach nearly 1000 kJ/kg. Besides, the transportation of raw materials 
for manufactured cement also cause environmental pollution. Approximately 1,6 tons 
of mainly raw materials such as limestone, clay, marl, shale and other minerals are used 
to make one ton of cement [12]. 
 
Figure 1-5 CO2 emissions from fossil-fuel use and cement production  
in the top 5 emitting countries and the EU [9] 
 
1.1.3 By-product of industries 
For most of the developing countries, power is considered as an engine of growth 
and the focus of the whole economy. The amount of power has been increased in recent 
decades to meet the demand of increasing population. Most of the electricity, about 
70% of the total is generated by coal-based thermal power plants [13]. High-grade 
quality coal is used by the metallurgical industry. However, coal supplied to the 
thermal power plant is in poor quality. Coal is the main source used as fuel energy is 
converted into useful heat energy in the thermal power plant which produces the huge 
environmental and health concerns. Dependence on coal for power generation is 
inevitable, although there have been continuous efforts for exploring its viable 
alternatives across the world.  
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Environmental pollution by the coal-based thermal power plants all over the 
world is cited to be one of the major sources of pollution affecting the environment in 
terms of land use, health hazards and air, soil, and water. Fly ash water also affects the 
scale structure because it is a direction in contact with water (Figure 1-6). Coal and coal 
combustion by-products, primarily fly ash, are sources of multiple contaminants to 
both aquatic and terrestrial systems, create both historic and present-day examples of 
ecological damage.  
Fly ash is a high-volume material that poses hazardous risks for human health 
and the environment. While high-quality fly ash can be deemed usable for conventional 
concrete applications, low-quality ones are not considered for use because they do not 
comply with physical or chemical standards for fly ash. For example, a sulfur trioxide 
or unburned carbon contents more than 5-6% (by weight) unusable fly ash. The Clean 
Air Act has promoted scrubbing and clean-burning technologies to reduce nitrogen 
oxide (NOx) and sulfur oxide (SOx) emissions from coal power plants. These new 
technologies increase sulfur, unburned carbon, and other chemical components, which 
has resulted in an increase of fly ash that is unsuitable for use in concrete production.  
Low-quality fly ash, which is commonly disposed of landfills and containment 
ponds, is the cause of significant health damage and environmental hazard. These 
structures contain fly ash particles, which, due to their high concentrations of adsorbed 
heavy metals such as arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu), 
selenium (Se), and strontium (Sr), can affect the health of nearby communities [11]. 
Bryan et al [12] demonstrated that adsorbed heavy metals in fly ash (e.g., chromium, 
nickel, selenium) are potential carcinogens. Studies have also shown that fly ash causes 
adverse health effects for birds and other wildlife that nest around coal ash ponds. 
Furthermore, coal ash spills or groundwater seepages have the potential to release 
high levels of heavy metals into the surrounding environment, and recovery can be 
costly. 
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Figure 1-6 The impact of coal ash ponds on water resources [10] 
 
1.1.4 Fiber-cement-stabilized soil method and Geopolymer 
Construction sludge, the waste sludge with extremely high-water content from 
development of construction site is generally discarded in disposal sites because of the 
difficulty in treatment. However, the capacity of the final disposal sites is limited, and , 
since the transportation cost of this sludge is expensive, it is often thrown away illegally 
on the way to the final disposal sites.  
In result, the recycling rate of the construction sludge is extremely low. Therefore, 
the “Fiber-cement-stabilized soil method”, a recycling method for high water content 
mud by using paper debris (fragments of old newspaper) and cement was developed, 
to increase the recycling rate of construction sludge [14].  
This method shows several advantages on modified soil: high failure strength and 
failure strain, high durability for drying and wetting as well as high dynamic strength, 
high resistance for the earthquake. The method has been evaluated in both academic 
and real cases in Japan. By the end of March, 2014, it had been applied in 360 cases 
with total of 530,000 m3 in Japan [15]. Figure 1-7 show photos of some projects which 
applying Fiber-cement-stabilized soil method in Japan. 
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a) Construction of Sewerage Pipe in Obanazawa City in Yamagata Prefecture 
  
b) Construction of River Bank in Hamao Area in Fukushima Prefecture 
  
c) Construction of Public Utility Conduit in Sendai City in Miyagi Prefecture 
Figure 1-7 Projects which applying Fiber-cement-stabilized soil method [10] 
 
Nevertheless, Portland cement was predominantly used as adhesive in this 
method to improve the characteristic of sludge. Obviously it owns many advantages 
but also requires long time to reach to sufficient strength for heavy machines to move 
on the modified sludge. The cement industry is known as significant contributor 
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releasing greenhouse gasses into the atmosphere at mentioned before. Due to the 
exponential use of concrete, cement production has increased at a much higher speed 
than atmospheric CO2 concentration, i.e. than all major CO2 emission caused by human 
activities, such as energy and transportation. Thus, to overcome this issue, a new 
technology or a substitute materials of Portland cement should be innovated to lessen 
the adverse impact to environment. 
Geopolymer Cement is a novel alternative cement to traditional Portland cement. 
The term “geopolymer” was created by J. Davidovits in 1979 to describe the chemical 
properties of inorganic polymers based on aluminosilicates. Geopolymer has been the 
subject of intense study because it is environmentally friendly cementing agents, with 
low energy consumption and low toxicity, is stable at high temperature as well as 
durable. Geopolymer presents cementitious properties and, therefore, has been great 
potential for use in the construction industry. Geopolymer can be synthesized from a 
variety of silica and alumina rich materials such as metakaolin, steel furnace slag and 
especially fly ash, a by-product of thermal power plan. If the fly ash can be used for 
synthesis the geopolymer, it is the good way to protect not only for the environment 
but also for human life.  
Therefore, the utilization of geopolymer instead of Portland cement in cement-
stabilized-soil method is promising for sustainable development. However, 
geopolymer has never been applied for Fiber-Cement-Stabilized soil method. In this 
research, the utilization of geopolymer proposed with fiber (paper fragment) is 
experimentally investigated to improve mechanical properties of soft soil with high 
water content generated in the landslide area. 
1.2 Literature review 
Soil acts as a sponge to take up and retain water. Movement of water into the soil 
is called infiltration, and the downward movement of water within the soil is called 
percolation, permeability or hydraulic conductivity. Pore space in soil is the conduit 
that allows water to infiltrate and percolate. It also serves as the storage compartment 
for water. Soft soils have poor engineering properties such as bearing capacity and 
exhibit large settlement. The term “soft soil“ is defined as clay or silty clay soil which is 
geologically young, and reached to an equilibrium under its own weight but has not 
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undergone significant secondary or delayed consolidation since its formation [16]. It is 
characterized by the fact that it is just capable of carrying the overburden weight of the 
soil, and any additional load will result in relatively large deformation. Soils which have 
not completed the consolidation under their own weight are also included in this group.  
The index parameters are a measure of the physical properties and behavior of a 
soil. They are generally governed to a large extent by its geological history, 
mineralogical composition, the amount of clay fraction, the structure and distribution 
of the grains, texture of the grains. Index parameters are mainly used for the purpose 
of identification, description, and classification of soils. Moreover, since their 
determination in the laboratory is relatively simple, and share the same factors that 
influence the strength (Table 1-1) and compression properties, they are usually 
employed in empirical correlation to predict compression, strength and other 
parameters. For example, the compression index can be estimated from liquid limit 
(Table 1-2), the undrained shear strength of clay from liquidity index or plasticity index 
(Table 1-3). The characteristic groups of the index properties and the corresponding 
index parameters are listed in (Table 1-1). 
 
Table 1-1 Characteristics and factors hypothesized to have relation with soil strength [16] 
Characteristics Factors considered having a relationship with soil strength 
Grain size Grain size distribution, maximum grain size, mean grain size, the coefficient 
of uniformity, the shape of particles, the content of fine fraction. 
Density Void ratio, relative density, dry density, specific gravity. 
Plasticity Liquid limit, plastic limit, shrinkage limit, plasticity index, consistency index, 
liquidity index. 
Moisture Natural moisture content and degree of saturation. 
Texture Type, proportion, and structure of minerals and organic matter 
Stress history Age of deposition, number and magnitude of stress change experience, 
weathering, and physiochemical effects 
 
- 12 - 
 
Table 1-2 Empirical equations to predict, compression index (Cc), swelling index (Cs) 
Equation Reference Region of Applicability 
Cc = 0.007 × (LL – 10) Skempton 1944 Remoulded clays 




Cc = 0.007 × (LL - 7) Koppula 1981, Remoulded clays 
Cc = 0.01 × w Bowles 1984 Chicago clays and Alberta 
Province in Canada 
Cc = 0.0115 × w Bowles 1984 Organic silts and clays 
Cc = 0.75 × (e - 0.50) Bowles 1984 Soils with low plasticity 
Cc = 0.0046× (LL - 9) Bowles 1984 Brazilian clays 
Cc = Ip/74 Kulhawy and Mayne 1990 Data from different soils 
Cs = Ip/370 Kulhawy and Mayne 1990 
Nishida 1956 
Data from different soils 
Cc = 1.15 × (e - e0) Nishida 1956 All clays 
Cc = 1.15 × (e - 0.35) Nishida 1956 Natural soils 
Cc = 0.54 × (e - 0.35) Kulhawy and Mayne 1990 Chicago clays and Alberta 
Province in Canada 
w = moisture content (%), LL = liquid limit (%), e = void ratio, e0 = initial ratio, Ip = plasticity index (%) 
 
Rising costs associated with the use of high-quality materials have led to the 
demand for local soils to be used in geotechnical and highway construction. However, 
high water content and low workability of these soils pose difficulties for construction 
projects. Frequently, additives such as lime, cement, fly ash, lime-cement-fly ash 
- 13 - 
admixture, cement kiln dust, emulsified asphalt, Geofiber, and polymer stabilizers are 
added to improve their engineering properties. The choice and effectiveness of an 
additive highly depend on the type of soil and its field conditions. Nevertheless, 
knowledge of the mechanistic behavior of treated soil is equally important as selecting 
the stabilizer. 
 
Table 1-3 Empirical equations to estimate undrained shear strength 
Equation Reference Region of Applicability 
Cu = 170×exp(-4.6×IL) [kPa] Wroth and Wood 1978 Remoulded clays 
Cu = 1/ (IL - 0.21)2 [kPa] Mitchell 1993 From several clays (remolded 
strength) 
Cu/δ´vc = 0.11 + 0.0037×Ip Skempton 1954, Bowles 
1984 
Normally consolidated 
soils, Ip > 10% 
Cu/δ´vc = 0.11 + 0.0037×log 
Ip 
Skempton 1957 Normally consolidated 
soil, Ip < 60% 
Cu/δ´vc = 0.08 + 0.55×Ip Larsson 1977 Scandinavian clays 
Cu/δ´vc = 0.23 ± 0.04 Larsson 1980 Soft sedimentary clays, 
Ip < 60% 
Cu/δ´vc = 0.33 Larsson 1980 
 
Inorganic clays 
Cu = undrained shear strength, δ´vc = effective consolidation pressure, Ip = plasticity index (%), IL = Liquidity index 
 
The advantageous effects of cement on the performance of soils have been widely 
documented [17-20]. Cement treatment leads to improvement in the mechanical 
properties of soils. However, the findings of different researchers on the role of 
Portland cement on compacted properties as well as strength and modulus have not 
been entirely consistent. For example, Balmer [17] and Clough et al. [21] reported 
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cement treatment increased cohesion while internal friction angle remained constant. 
On the other hand, Uddin et al.[19] stated that internal friction angle increased 
significantly. Some studies have indicated that at very low cement contents, 
improvement in strength is generated from an increase in friction angle rather than 
cohesion [22]. Some researchers have also shown that cohesion increases with curing 
time while friction angle remains constant [23, 24]. 
Wissa et al. [24] reported that cement treated soils exhibit brittle types of failure 
at low confining pressures and a more plastic failure type at high confining pressures 
i.e., Mohr-Coulomb failure envelope for cement treated soils is curved. Several failure 
criteria, including Griffith crack theory and modified Griffith crack theory [18],  have 
been studied to account for the strength behavior of soil. The brittle to the ductile 
transition of shear behavior of soils as a function of mean stress is the basis of the 
modern concept of the Critical State Soil Mechanics [25]. Schofield [25] has disputed 
that the Mohr-Coulomb criterion, popularized by Terzaghi and stimulating the 
developments of soil mechanics, is valid for a limited range of stress levels. He has 
argued that the strength of remolded soils (be it sand or clay) is governed by its critical 
state friction and particle interlocking. The use of friction and particle interlocking is 
the possible way to better interpret the strength of cement stabilized soils. 
Geopolymer, one of the viable technologies, is currently receiving considerable 
attention in academic and industrial communities for its ability to produce fly ash 
based geopolymer material in several applications. The term “geopolymer” was 
created by J. Davidovits in 1979 to describe the chemical properties of inorganic 
polymers based on aluminosilicates. Geopolymer presents cementitious properties 
and, therefore, great potential for use in the construction industry. They can be formed 
using natural raw materials or industrial wastes from several sources, given the 
requirement that the wastes are rich in amorphous or semi-crystalline 
aluminosilicates or have passed through heat treatment, which turn them to be more 
reactive and suitable for alkaline activation. The alkaline activation is a chemical 
process that transforms amorphous, partially amorphous or metastable vitreous 
structures into a compacted cementitious material [26]. The production of 1 ton of 
Geopolymeric cement generates 0.184 tons of CO2, from combustion carbon-fuel, 
compared with 1 ton of CO2 for Portland cement. Geopolymeric cement generates 5-6 
- 15 - 
times less CO2 during manufacture than Portland cement. This simply means that, in 
newly industrializing countries, 5-6 times more cement for infrastructure and building 
applications might be manufactured, for the same emission of greenhouse gas CO2. 
Development means building infrastructures and houses, in short, cement and 
concrete. One of the criteria to judge the progress of any economic development is 
through the growth rate of infrastructures, which is linked to the cement production. 
Due to the exponential use of concrete, cement production has increased at a much 
higher speed than atmospheric CO2 concentration, i.e. than all major CO2 emission 
caused by human activities, such as energy and transportation [27].  
The geopolymerization process involves a substantially fast chemical reaction 
under the alkaline condition on Si-Al minerals that result in a three-dimensional 
polymeric chain and ring structure consisting of Si-O-Al-O bonds, as follows:  
Mn [-(SiO2)z-AlO2]n. wH2O  
Where: M = the alkaline element or cation such as potassium, sodium or calcium                 
             n = the degree of polycondensation or   polymerisation                 
             z = 1,2,3 or higher 
The exact mechanism of setting and hardening of the geopolymer material is not 
clear. However, most proposed mechanism consists the chemical reaction may 
comprise the following steps:   
 (1) Dissolution of Si and Al atoms from the source material through the action 
of hydroxide ions.  
 (2) Transportation or orientation or condensation of precursor ions into 
monomers.  
 (3) Setting or polycondensation/polymerisation of monomers into polymeric 
structures.   
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Figure 1-7 Schematic outline of the reaction processes involved in geopolymerisation [28] 
 
Such frameworks are called polysialates, where sialate stands for the silicon-
oxoaluminate building unit. The sialate network consists of SiO4 and AlO4 tetrahedra 
linked by sharing all oxygen atoms. Positive ions (Na+, K+, Ca2+, etc) must be presented 
to balance the negative charge of Al in 4- fold coordination. Chains and rings may be 
formed and cross-linked together, always through a Sialate Si-O-Al bridge. Polysialates 
are chain and ring polymers with Si4+ and Al3+ in 4-fold coordination with oxygen and 
range from amorphous to semi-crystalline. The amorphous to semi-crystalline three-
dimensional silico-aluminate structures were classified ‘geopolymer’ of the types [29]. 
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Figure 1-8 Polymeric structures from polymerisation of monomers [30] 
 
As shown in Figure 1-7, Geopolymerization process forms aluminosilicate 
frameworks. Sialate is an abbreviated form for alkali silicon-oxo-aluminate, the alkali 
being (Na, K, Li, Ca) and the term poly(sialate) covers all Geopolymer which contains 
at least one (Na, K, Li, Ca)(Si-O-Al), (Na, K, Li, Ca)-sialate unit. Sodalite frameworks and 
kalsilite frameworks have structural molecules Na-(-Si-O-Al-O-) and K-(-Si-O-Al-O-) 
are chain and ring polymers and the result of the polycondensation of the monomer, 
orthosialate (OH)3-Si-O-Al-(OH)3. Sanidine frameworks, K-(-Si-O-Al-O-Si-O-Si-O-) may 
be considered as the condensation result of orthosialate with two ortho-silicic Si(OH)4. 
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The sialate unit may be at the beginning, in the middle or at the end of the sequence. 
There are six isomorphs: 2 linear, 2 branched and 2 cycles. Leucite frameworks with 
structural molecule K-(-Si-O-Al-O-Si-O-) may be considered as the condensation result 
of orthosialate with ortho-silicic acid Si(OH)4. There are three isomorphs, a linear (-Si-
O-SiO-Al-O-), mono-siloxo-sialate and 3 cycles. Anorthite frameworks containing 2 
sialate unit, Ca-(-Si-O-Al-O-Si-O-Al-O-) are ring polymers that are the result of the 
polycondensation of the monomer [30]. 
Previous studies [31-33] have investigated the strength and durability of clay fly 
ash Geopolymer as masonry bearing units. The durability against sulfate attack of clay 
fly ash Geopolymer is superior to that of clay cement; i.e., there is no major change in 
the microstructure and pH of clay fly ash Geopolymer when it is exposed to sulfate 
solutions. Even though Neramitkornburi et al. [34] has shown that the strength of 
WTS–FA geopolymer meets the requirement specified by TIS, the durability of this 
material has not been examined. This material generally encounters the change of 
weather during wet (rainy) and dry (summer) seasons. The wetting and drying (w–d) 
cycles result in tension and surface cracks, which reduces the strength of the material. 
The investigation of the service life of the WTS–FA geopolymer via a w–d cycle test is 
significant and is the focus of this research. 
1.3 Structure of the dissertation 
The dissertation consists of five chapters. 
Chapter 1 is an introductory chapter outlining the problem statement, the 
objectives of the research work, and the scope of the study. Furthermore, literature 
review and theoretical principles of some of the main articles, studies and researches 
that were needed for this research are mentioned in this chapter.  
Chapter 2 describes the effect of ratio alkaline solution, curing time and paper 
debris to geopolymer stabilized sludge is shown.  The characteristic and the durability 
performance of modified sludge were investigated by Unconfined compression test 
and Drying and Wetting cyclic test. The influence of apparent water content to shorten 
the curing time was also investigated in this chapter. The various apparent water 
content after mixing sludge with geopolymer and paper debris was examined to 
classify the possibility of shortening the curing time of geopolymer stabilized sludge.  
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Chapter 3 compares the efficiency of two methods sludge conditioning and sludge 
dewatering. Test results indicated that the initial curing time has the potential for 
improving failure strain and strength of modified sludge with the specific condition of 
soft soil. The optimum moisture content of geopolymer modified sludge has strong 
influence on the amount of geopolymer content and initial water content of the sludge. 
Chapter 4 evaluates the effect of different kind of sludge on the reaction of 
geopolymer to achieve the desired strength and strain. The Taguchi method was used 
to determine the most important factor that affects several properties of geopolymer 
modified sludge by minimizing the effects of variation, but without eliminating the 
cause. The results indicate that the geopolymer content, clay content in sludge, initial 
water content and moisture content play a unique role in different properties of 
modified sludge. 
Chapter 5 proposes the different application of geopolymer, Liquefied Stabilized 
Soil method. The mainly purpose of this chapter presents the utilization of Paper sludge 
ash (PSA)-based geopolymer to improve the soft soil by LSS method with paper debris 
fiber. The results show that PSA can solve the drawback of normal geopolymer on 
strength development in high-amount-of-water sludge. The application of state-of-the-
art machine learning models show the potential on prediction the strength 
performance of LSS with consideration of many meaningful feature variables. 
Chapter 6 presents the conclusions and recommendations for this research. 
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2.1 Introduction 
Geopolymer is a member of the inorganic polymers’ family. The chemical 
composition of geopolymer and natural zeolitic materials are similar, but the 
geopolymer’s microstructure is amorphous. The geopolymerisation process generates 
a considerably fast chemical reaction under alkaline conditions on Si-Al minerals, 
resulting in three-dimensional polymeric chains in which consist of Si-O-Al-O bonds. 
Generally, there are two main components to synthesis geopolymers: the source 
materials and the alkaline liquids.  
Source materials is the materials rich in silicon (Si), aluminum (Al),  and 
chemical compositions such as: kaolinite, clays… (natural minerals) or fly ash, silica 
fume, slag, rice-husk ash, red mud...  (byproduct materials) [1]. Among of them, the 
resemblance of fly ash to natural aluminosilicate materials (given the presence of Si 
and Al in the ash) has motivated the utilization of geopolymerisation as a feasible 
technological solution in making special cement. Nowadays, most of the globally 
obtainable globally fly ash is low-calcium ASTM Class F formed as a by-product of 
burning anthracite or bituminous coal. Although coal burning power plants are 
considered to be environmentally unfriendly, the expansion in the amount of power 
generated from these plants is unstoppable, mainly due to the huge reserve of good 
Chapter 2 
 
Effect of ratio of alkaline solution, 
paper fragment, curing time, and 
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quality coal available worldwide and the low cost of the coal-power. As consequences, 
a huge quantity of fly ash is discharged every year. 
Alkaline activation is a chemical process in which a powdery aluminosilicate 
such as a fly ash is mixed with an alkaline activator to produce a paste capable of setting 
and then is hardened within a reasonably short period of time. The strength shrinkage, 
and the acid and fire resistance capability will then depend on the nature of the 
aluminosilicate used and the activation process variables included. The first aspect to 
be emphasized in the general process of alkali activation is related to the variability of 
the kinetics and the governing mechanisms used to describe the mentioned process. 
Actually, two different models of alkali activation could be established, both 
corresponding to two very different conditions of the starting situation. A very well-
known example of the first model is represented by the activation of blast furnace slags 
with a mild alkaline solution. With respect to this case, the reader is reminded that the 
mechanisms controlling the alkali hydration of a slag correspond to a complex process 
that is composed of several steps (including the initial destruction of the slag and a later 
polycondensation of the reaction products); and that the knowledge of the nature of 
these products has been the objective of many investigations, despite the presence of 
some controversies. In many cases, most of the authors agree in considering C-S-H gel 
as the main of reaction product [2-4]. On the other hand. the second model of alkali 
activation has been studied much less than the former, in spite of the fact that some 
investigations concerning this subject have been already published since the 1960s [5]. 
Alkaline activation of metakaolin can be taken as an example. Similar schemes have 
been proposed for modeling the formation processes of zeolites and zeolite precursors. 
Among the elements establishing the similarities between the zeolite formation 
process and the alkali activation of metakaolin, the following can be mentioned: 
Concentration of chemical species, specifically [OH]2 (critical factor in the synthesis of 
both types of material); temperature and time of curing; type of alkaline element; 
chemical composition of the reactant bulk; etc. 
Taking into consideration of different ratio of alkaline solution, the compressive 
strength of geopolymer is varied. From all these parallelisms, the data collected and 
our own experience, we have concluded that the amorphous polymer produced in the 
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alkaline activation of fly ash is a zeolitic precursor. In the nutshell, the two main 
differences characterizing two models of alkali activation are: 
•  The composition of the material to be activated. Essentially, Si and Ca in the first 
case, while Si and Al dominate the second one. 
•  The concentration of the activator: low to mild for the first model and high for 
the second. 
The most used alkaline liquid activator is a mixture of sodium or potassium 
hydroxide (NaOH, KOH) with sodium hydroxide (nSiO2Na2O) or potassium hydroxide 
(nSiO2K2O).  The mechanical strength increases when the concentration of the 
activator rises [6]. The concentration of the NaOH solution can vary from 8 to 16 M [7]. 
Using a NaOH solution with a concentration out of this range leads to less mechanical 
strength. An alkaline activator of both the NaOH solution and the Na2SiO3 provides 
better strength than an activator of only NaOH. The Na2SiO3 favors the polymerization 
process, leading to a reaction product with more Si and more mechanical strength. The 
mixing ratio of Na2SiO3/ NaOH seems to play a crucial role in the strength development 
of the geopolymer. For the high-calcium fly ash, Class C, the optimum ratio of Na2SiO3/ 
NaOH to produce a high strength geopolymer is in the range of 0.67 - 1.00 [8]. From the 
chemical standpoint alkali activation of fly ash is a process that differs widely from 
Portland cement hydration but it is very similar to the chemistry involved in the 
synthesis of large groups of zeolites. The main reacting product in the alkali activation 
of fly ash is alkaline aluminosilicate gel; that is to say a precursor of certain crystalline 
zeolite species [7]. In the case of stabilized soft soil with high moisture, the role of the  
alkaline ratio solution is preferably important in maintaining the dissolution of 
aluminosilicate raw materials. Consequently, the alkaline activation of fly ash is in great 
interest in the context of new and environmentally friendly binders with properties 
similar to or that improve on the characteristics of conventional materials. In this 
chapter, the investigation of the ratio of the alkaline solution has been studied. 
As mentioned above, the new recycling method was developed for high water 
content mud such as construction sludge by using paper debris (fragments of old 
newspaper) and cement to increase the recycling rate of construction sludge [9]. This 
method is called “Fiber-cement-stabilized soil method (FCSS)”.  Modified-soils  created 
from this method has several features such as high failure strength and failure strain, 
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high durability for drying and wetting as well as high dynamic strength. But, as this 
method uses the conventional cement, the high embodied energy binder. If 
geopolymers can be used instead of cement, this will be a great advantage because of 
their durability and environmentally friendly materials. However, the application of 
geopolymers for weak soil improvement is not examined yet. Therefore, a new method 
using Geopolymer is proposed. The principle of method is described in Figure 2-1. 
1. The high-water content causes soil particles to move freely in the water as 
“fluid” in Figure 2-1 (a). 
2. When paper debris is added to the sludge, it absorbs the water and 
decreases the superficial water content in the sludge as shown in Figure 
2-1 (b). 
3. Finally, geopolymer (mixture of fly ash and alkaline solution) is added and 
blended with the sludge. Then, the geo-polycondensation occurs and the 
strength of the modified soil intensifies as shown in Figure 2-1 (c).  
 








Figure 2-1 Principle of Fiber–Geopolymer–Stabilized soil method 
 
Paper debris have two main roles in this method. Firstly, paper debris will 
improve the failure strain as well as the durability of modified sludge. This property is 
essential for the application of the sludge in disaster site area. The second, paper debris 
with high water absorptive capacity (Appendix A) can reduce the apparent soil water 
content after mixing with geopolymer and sludge. Apparent soil water content is 
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mass of solid phase in the mixture. In geopolymer process, moisture or water has been 
claimed no other role in the formation of hardened geopolymer paste apart from 
providing the workability and necessary reaction medium. Although the effect of water 
were mentioned in some papers [10-12], the discussion and conclusion were 
insufficient. Water takes part in the dissolution, hydrolysis and polycondensation 
reactions during geopolymer synthesis [13, 14]. It provides the medium for the 
dissolution of aluminosilicates and the transfer of various ions, hydrolysis of Al3+ and 
Si4+ compounds and polycondensation of different aluminate- and silicate-hydroxyl 
species. As a result, water has great effect on the geopolymer formation, the structure 
of the geopolymer gels and properties of the products. It has been generally confirmed 
that heat treatment is necessary for producing fly ash geopolymer concrete. This is 
considered to be a drawback affecting its manufacture and feasibility.  
This chapter describes the results of the effect of ratio of alkaline solution, paper 
debris, geopolymer content and curing time on geopolymer stabilized sludge curing at 
ambient temperature (20oC). The investigation was conduct by 2 experiments: 
Unconfined Compression Test and durability Drying and Wetting Cyclic Test.  
 
2.2 Materials 
Three types of materials were used in study: imitation sludge, alkaline solution, 
fly ash and paper fragment.  
2.2.1 Imitation sludge 
A landslide occurs when a proportion of the natural slope is unable to support its 
own weight. For example, the soil beneath a slippery surface can become heavier in 
weight after soaking up rainwater that results in sliding. A landslide is a downward or 
outward movement of soil, rock or vegetation, under the influence of gravity. This 
movement can occur in many ways. It can be a fall, topple, slide, spread or flow. The 
pace of the movement may range from steady to speedy. The incidence of soil moving 
may destroy property along its path and additionally causes human loss and livestock 
damage. Although landslide usually occurs at steep slopes, they may also take place in 
areas with low relief or slope gradient. After the landslide, a large amount of sludge 
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(soft soil) is generated at the toe of slope [15] (Figure 2-2). Soft soils are generally 
criticized as ‘problematic’ because of its poor resistance to deformation and low 
bearing capacity. Sludge poses high moisture content, low shear strength and high 
compressibility. Due to high water content characteristics, the sludge after dredging 
cannot directly be used or hardly be recycled due to high level of water inside. The 
majority of sludge is given intermediately dehydration treatment followed by direct 
landfill. 
 
Figure 2-2 Schematic of toe berm and landfill sliding along weak foundation layer [15] 
 
Ideally, using actual sludge in landslide area for this research is suggested. 
However, it is no practical to carry a large amount of actual sludge from the area to 
laboratory. Furthermore, actual sludge contains several materials and it is not suitable 
for systematic experiments. Therefore, the imitation sludge was used as alternative, 
with the components include Kasaoka clay (Kasanen Kogyo Company) and silt 
(Marunaka Shirato Company). It is crucial to calculate the mass ratio between clay and 
silt identical to the grain size distribution, physical and mechanical properties of actual 
sludge in disaster sites. Regarding this ratio, the particles size distribution of actual 
sludge which obtained in landslide areas in Japan was checked [16, 17]. Figure 2-3 
shows the particle size distribution of actual sludge, reality soil 1 and reality soil 2 from 
Laser Particle size Analysis. The particles size distributions of reality soil 1, reality soil 
2 and imitation sludge, as expected, are relatively the same. So that, the mass ratio 2:3 
was chosen. The optimum water content to attain a maximum dry density of imitation 
sludge is 28,46% and was obtained from the compaction curve under Proctor energy 
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(Figure 2-4). The crystalline contents in clay and silt were identified by X-ray 
diffractometer PANalytical Epsilon 5 with CuKα radiation at 20oC. Clay and silt contain 
mullite, quartz, and zeolite as major crystalline phases (Figure 2-5) which agrees with 
the compositions shown in Table 2. The shape of silt and clay is round or flat which 
were obtained by Scanning Electron Microscope Hitachi SU8000 that shown in Figure 
2-6 
 
Figure 2-3 Grain size distribution of the sludge 
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Figure 2-5 XRD of silt and clay 
 
      
a) Silt                                                                                     b) Clay 
Figure 2-6 SEM of silt and clay 
A constant amount of water was added to simulate the behavior of sludge in high 
moisture content environment (Figure 2-7). The water content is defined herein as the 
ratio of water weight over dry sludge weight (water content 70%). Atterberg limits of 
imitation sludge were determined by ASTM D 4318 [18] that shows in Table 2-1. 
Although the actual sludge could not apply for the experiments, it is confirmed that the 
mechanical characteristics of imitation sludge and the actual sludge are nearly the 
same. Table 2-2 shows the chemical composition of Kasaoka clay and silt. 
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Table 2-1 Physical and mechanical properties of imitation sludge 
Properties 
Values 
Reality soil 1 Reality soil 2 Imitation sludge 
D50 (µm) 13.39 5.26 17.24 
Density of soil particles, s (kg/m3) 2331.60 2636.20 2467.09 
Liquid limit, LL (%) 59.00 76.20 46.08 
Plastic limit, PL (%) 26.70 32.10 29.43 
Plastic index, PI (%) 32.20 44.10 16.65 
 
Table 2-2 Chemical composition of silt and Kasaoka clay 
Element Na2O MgO Al2O3 SiO2 K2O CaO TiO2 MnO Fe2O3 
Silt (%) 1.97 0.28 12.88 77.85 2.42 1.89 0.11 0.07 2.08 
Kasaoka clay (%) 1.48 0.81 20.22 69.07 2.75 0.91 0.63 0.03 5.46 
 
 
Figure 2-7 Imitation sludge (mixing Kasaoka clay and silt as mass of ratio 2:3 and 70% of moisture) 
 
2.2.2 Alkaline solution 
The alkali activation of waste materials is a chemical process that allows the user 
to transform glassy structures (partially or totally amorphous and/or metastable) into 
very compact well-cemented composites. Nowadays, the knowledge concerning the 
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mechanisms controlling the alkali activation process is considerably advanced; 
however, there are still many things to investigate. The alkaline activator liquid is the 
combination of sodium silicate and sodium hydroxide (Figure 2-8). The concentration 
of sodium hydroxide solution was kept constantly at 12 molars for all mixtures. The 
mass ratio of SiO2 to Na2O of sodium silicate was 3.26 with chemical compositions of 
29.5% of SiO2, 10.6% of Na2O and 59.9% water and bulk density was 1410 kg/m3. 
                          
                             
                       
a) Sodium Hydroxide                                                                 b) Sodium Silicate 
Figure 2-8 Alkaline activator 
 
2.2.3 Fly ash 
Fly ash (FA), obtained from, Tohoku Hatsuden Kogyo Company, was used as the 
primary source of aluminosilicate material for making geopolymer cement (Figure 2-
9). Figure 2-10 shows the grain size distribution curve of FA, which is tested by Laser 
Particle size Analysis. Compare with Figure 2-3, it is shown that the FA particle size is 
smaller than the imitation sludge and reality sludge. The average grain size and the 
specific gravity of FA is 13.76 µm and 2.14, respectively. Normally, the morphology of 
FA particles is fine and in spherical shape whereas the sludge particles is irregular. 
Table 2-3 summaries the chemical composition of FA using X-ray Fluorescence (XRF). 
Total proportion of the major components (SiO2, Al2O3 and Fe2O3) is 89.05% while CaO 
accoutns for 5.51%. Therefore, it is classified as Class F according to ASTM C 618 [19]. 
The crystalline contents in fly ash were identified by X-ray diffractometer with Cu Kα 
radiation at 20oC. The primary component of ash are SiO2, Al2O3, and CaO in the form 
of amorphous matter and some crystalline inclusions of mullite, calcite, zeolite, and 
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quartz in the region between of 16o2θ and 60.5o2θ. The X-ray diffraction results are 
presented in Figure 2-11 in which the region alter to between of 16o2θ and 41.5o2θ.  
Table 2-3 Chemical composition of Fly ash (XRF) 
 
 
Figure 2-9 Fly ash 
 

































Element Na2O MgO Al2O3 SiO2 K2O CaO TiO2 MnO Fe2O3 
Fly ash (%) 1.16 1.44 24.9 58.8 1.34 5.51 0.11 0.05 5.35 
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Figure 2-11 XRD analysis of Fly ash 
 
2.2.4 Paper fragment 
Paper fragments produced by the paper company were used in this study. The 
old newspaper had been crushed into about 15 mm square fragment, and through sieve 
analysis (Figure 2-12), paper fragments were classified accordingly as shows in Figure 
2-13.  If the size of paper fragments is different, water absorption also changes. 
Therefore, the test to check the water absorption was carried out. 
 
Figure 2-12 Sieve analysis 
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                a) Original paper debris                                           b) Paper debris > 6 mm 
 
                         
  c) Paper debris > 3 mm                                                  d) Paper debris < 3 mm 
Figure 2-13 Paper fragments 
The test procedure is as follows: 
• Prepare 100 ml water in a beaker. 
• Add 10g of fiber materials to the beaker. 
• Mix the mixture for 1 minute. 
• Leave it for 30 minutes (Figure 2-14). 
• Pour water and fiber together into a funnel which wet paper on the head. 
Receive dropping water with the graduated cylinder (Figure 2-14). 
• After 30 minutes, measure the quantity of water in the cylinder. 
• Take the value measured in step 6. from 100 ml. It is the quantity of water 
absorbed by fiber materials (ml/10g). (Figure 2-14)  
• Divide the amount of absorbed water (ml) by 10 (g). It is assessed by ml/g. The 
results were shown in Table 2-4.  
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Figure 2-14 Water absorption test 
 
Table 2-4 Water absorption of different size paper debris 
 
In this research, for the economic problem, we just focused on the original size of 
paper debris (mixture with many sizes of paper). The water absorption of original 
paper debris is 4.6 ml/g. 
2.3  Experimental results and discussions 
A compaction method was applied to make specimens, which is the application 
of mechanical energy to soils to rearrange the particles and to reduce the void ratio. In 
the other words, it mechanically increases the unit weight of soils in which a stress 
applied to a soil causes densification as the air is displaced from the pores between the 
soil grains. In the construction of embankments, earth dams, and many other 
engineering structures, the compaction method is mostly applied to increase the 
density of the soils and to reduce subsequent settlement under working loads due to: 
Size Paper distribution [%] Water absorption [ml/g] 
6 mm 12.8 – 15.7 3.3 
3 mm 48.9 – 51.7 3.6 
< 3 mm 32.7 – 38.3 5.5 
Origin -  4.6 
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- Compaction increases the strength characteristics of soils, which pushes the 
bearing capacity of foundations constructed over them.  
- Compaction reduces the voids ratio making it more difficult for water to flow 
through soil. This is essential if the soil is being used to retain water in case of  an earth 
dam. 
- Compaction decreases the amount of undesirable settlement of structures and 
raises the stability of slopes of embankments. 
- Compaction can prevent the buildup of large water pressure that causes the soil 
to liquefy during earthquakes. 
There are some factors that affect to soil compaction; for instance, soil water 
content, the type of soil, and the amount of compaction energy. In this section, 
compressive strength characteristics of the modified-sludge were studied by 
unconfined compression test. By using compaction method to make specimens, several 
apparatuses were used and listed below. 
 
2.3.1 Effect of ratio of alkaline solution 
  Experimental apparatus 
➢ Mixing machine 
Figure 2-15 shows the Mixing machine (Shinohara Seisakusjo, type ss-s-338.) 
used for mixing paper debris, fly ash, alkaline solution and sludge. 
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Figure 2-15 Mixing machine 
➢ Steel cylindrical mold 
Figure 2-16 shows the metal mold and hammer (weight: 1.5 kg, free-fall height: 
20 cm) used for making specimens. The height and inner diameter of the mold are 100 
mm and 50 mm, respectively.  
 
Figure 2-16 Steel cylindrical mold and hammer 
➢ Drying oven 
Figure 2-17 shows the Drying oven used for initial curing of modified-sludge after 
mixing and curing of the specimens. The temperature was set at 20 degrees Celsius 




- 39 - 
 
Figure 2-17 Yamato DKN 810 Convection Oven 
➢ Unconfined compression test machine 
The outline of unconfined compression test is shown in Figure 2-18. The loading 
frame consists of two metal plates. The top plate is stationary and a load cell is attached 
to this stationary plate. The bottom one is raised and lowered by means of a crank on 
the front of the loading frame. After the specimen is placed between the plates, the 
bottom is gradually lifted up; the resistance provided by the stationary top plate 
applies an axial force to the sample. The loading frames are operated by electric DC 
servo. Loads are measured with an electronic load cell (Kyowa, model: LUX-B-2kN-ID, 
Cap:  2kN). Vertical deformations are measured with a displacement transducer 
(Kyowa, model: DTH-A-30, cap: 30mm); the displacement transducer is attached to the 
top plate and measures the relative length between the top and the bottom. The data 
from the load cell and displacement transducer are transmitted to the personal 
computer through A/D converter and stored in the hard disk in PC. The sampling 
frequency is 10Hz and raising the speed of bottom plate is 1 mm/minute. 
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Figure 2-18 Outline of unconfined compression test 
 Experimental procedures: 
a) Clay and silt are prepared at the ratio 2:3, and they are mixed for 5 minutes by 
the mixer. 
b) The water content of sludge is adjusted by adding water into the sludge (70% 
by weight) and mixed for 5 minutes. 
c) Paper debris, fly ash (FA) and alkaline activator solution (AA) are poured 
gradually and then mixed for 8 - 10 minutes to achieve a unified form. A. Palomo 
[20] stated that activator solution-to-fly ash ratio is not a relevant parameter on 
the compressive strength of geopolymer binder. However, another research 
proves a contradictory result [21], whereby activator-to-fly ash ratio has an 
influence on the compressive strength of geopolymer mortar. Therefore, in this 
research, the activator solution-to-fly ash ratio (AA:FA) was kept constant and 
set at 0.4 following the result from [22] that shows the optimum ratio between 
fly ash and alkaline solution on compressive strength of geopolymer binder. 
Generally, the high temperature is required for curing geopolymer. On the other 
hand, as the sludge is improved in disaster site, it is difficult to used high 
temperature and sludge should be modified under the normal temperature. In 
this experiment, the removal of heat treatment means that there was no 
acceleration of the hardening process of geopolymerization. This means the 
ratio of sodium silicate to sodium hydroxide is an important factor for the 
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destruction of solid particles and the hydrolysis of dissolved Al3+ and Si4+ ions. 
If the OH- concentration is sufficiently high, more water will urge the dissolution 
and hydrolysis, but exceeded alkalinity will cause the micro–crack on fly ash 
particles due to strong base concentration. This is the reason why in this 
experiment, the ratios of sodium silicate (SS) to sodium hydroxide (SH) are 
designed in variation of 9:1, 8:2, 7:3 and 5:5 as previously suggested by [23] to 
investigate the effect of the ratio of Na2SiO3 to NaOH (SS:SH).  As mentioned 
before, paper debris, a fragment of old newspaper, which is necessary to 
improve the rheology of the mixture by reducing the water was kept constant 
at 3% additive mass of the mixture. The amount of geopolymer was set constant 
(6% mass of mixture) when checking the several SS:SH conditions and changing 
6%, 9%, 12% mass of mixture to investigate the effect of some SS:SH conditions 
which were expected to adapt sludge with very fine particle distribution.  
d) Specimens are made by using the cylindrical steel mold of 50 mm in diameter 
and 100 mm in height. Each specimen is compacted with the same amount of 
compaction energy.  In particular, the rammer of 1.5 kg is allowed to free-fall to 
the soil surface from the height of 0.2 m; the amount of free-fall of the first layer 
is five times, 10 times for the second and third layer, and 20 times for the fourth 
layer. This equation below shown the compaction energy making each 
specimen: 
 
( ) ( ) ( ) 
( )   Pa3671.6737981.0025.08.92.05.12010105






e) After compaction, the specimens were put in the oven (IN802-Yamato) and 
cured at 20 ± 3 degrees Celsius for 12 hours and 18 hours for investigating the 
early strength of modified sludge. Furthermore, we can know the feasibility of 
geopolymer on improving sludge with short time curing. 
f) To compare the results, some mixtures were made without adding paper debris 
and cured in the tray at 20 ± 3 degrees Celsius for 24 hours before making 
specimens by compaction because without adding paper debris the mixture was 
too wet, soft and could not compact immediately than the other conditions. The 
mixing conditions were shown in Table 2-5 below. 
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Table 2-5 Mixing condition 
 
Condition AA:FA SS:SH Paper debris (% 
of mixture mass) 
Geopolymer (% of 
mixture mass) 
A1 0.4 5:5 3 6 
A2 0.4 7:3 3 6 
A3 0.4 8:4 3 6 
A4 0.4 9:1 3 6 
B1 0.4 5:5 3 6 
B2 0.4 5:5 3 9 
B3 0.4 5:5 3 12 
C1 0.4 7:3 3 6 
C2 0.4 7:3 3 9 
C3 0.4 7:3 3 12 
D1 0.4 7:3 0 6 
D2 0.4 7:3 0 9 
D3 0.4 7:3 0 12 
 
 Results and Discussion 
The unconfined compression test was employed to check the effect of the ratio of 
the alkaline solution on compressive strength and strain. Several tests were carried out 
to find out the relationship between compressive strength and strain. The target values 
are higher than 5% for failure strain and over 125 kPa for failure strength according to 
previous study [24] 
The target value for failure strength is determined according to the guidelines for 
recycling construction sludge [24], in which the minimum soil strength that 
construction machines can move on it is 800 kPa with the uniform soil coefficient from 
6.5 to 10. So that, the failure strength of soil, q, is no lower than: 
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 
800
 = = 80-123 kPa
6.5-10
q  
The target value for failure strain, 5%, is as twice as of the failure strain of 
conventional Cemented-stabilized soils. It is determined based on experimental results 
of Fiber-cement-stabilized soil method and Cement-stabilized soil method in both 
academic and real situations. And this value is recommended by Takahashi et al. [9, 25, 
26]. Furthermore, the target value should be achieved after hours because the modified 
sludge in this research will be applied to disaster sites. 
Figure 2-19 shows the effect of the ratio of Na2SiO3 to NaOH on failure strength 
and failure strain after 12 hours and 18 hours. The failure strength of modified sludge 
is significantly governed by the Na2SiO3 and NaOH ratio. Alkali concentration is a 
significant factor in controlling the leaching of alumina and silica from fly ash particles, 
subsequent geopolymerization and mechanical properties of hardened geopolymer. 
The sodium hydroxide solution (NaOH) dissolves silica and alumina oxide from FA and 
enhances the geopolymerization reaction with sodium silicate solution (Na2SiO3). The 
low amount of NaOH is not enough to dissolve silicon and aluminum atoms in raw 
materials, but the high amount of NaOH causes the micro-crack on the FA particles due 
to strong base concentration [27, 28]. Figure 2-19 shows that the highest failure 
compressive strength is obtained at the condition A2 after 18 hours. After 12 hours, 
condition A1 shows the highest failure strength because the initial temperature of the 
alkaline solution in condition A1 when it was made is higher than greater ratio causes 
surging amount of sodium hydroxide (NaOH). This means the environmental reaction 
is more workable than another ratio, resulting in the early failure strength can be 
improved. The temperature inside the specimen alters in relation with the amount of 
sodium hydroxide in the mixture, the connection between the temperature and 
solubility of sodium hydroxide was shown in Figure 2-20. 
At the low temperature (20oC), the dissolution of FA particles was slowly, the 
geopolymer gels grew slowly and modified sludge specimens were still moist. But with 
the fibrous paper inside the structure, the connection between soil particles and 
geopolymer is improving, that made the specimens is ductility with the compressive 
test. 
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Figure 2-19 Relationship between Na2SiO3: NaOH ratio, failure strength and failure strain of modified 
sludge (condition A) 
Figure 2-21 shows the fibrous paper intertwined with soil particle to improve the 
ultimate failure strain. Normally, increasing the curing time, the amount of Al3+ ion dissolved 
from amorphous phase in FA were sufficient to polymerize with Si4+ ion in alkaline activator. 
This trend is in agreement with the result in Figure 2-19. From that results, all specimens 
satisfied failure strength target value after 18 hours and failure strain after 12 hours and 18 
hours. But the value strength of modified soils should be achieved after 12 hours curing time 
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chosen to examine the effect on failure compressive strength and failure strain when 
increasing geopolymer content because they showed the best value of failure strength at 12 
hours and 18 hours, respectively. 
 
Figure 2-20 Solubility of sodium hydroxide in gram per 100 g H2O versus temperature (°C) 
 
                     
Figure 2-21 Specimens with adding paper debris after unconfined compression test 
Figure 2-22 and Figure 2-23 show the influence of Na2SiO3: NaOH ratio 5:5 and 
7:3 on the failure strength and strain of modified sludge. As shown in Figure 2-22, from 
condition B1 to B3, the failure compressive strength decreases with increasing the 
amount of geopolymer content while failure strain also increased. This is because when 
increasing the amount of geopolymer content, the moisture which is supplied by the 
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water in alkaline activator solution increased in each specimen. If the 
geopolymerization reaction does not occur effectively, the specimens at high 
geopolymer content are weaker than the lower ones at the same moisture content of 
sludge. In the formation of three-dimensional aluminosilicate network, NaOH was 
strongly influenced on the dissolution of silica and alumina from fly ash. In the 
condition B, as increasing geopolymer content, the amount of NaOH was also picking 
up. It is expected to lead to the greater dissociation of the active species of raw material 
and yielding formation of more geopolymer gel network. However, extremely high 
NaOH concentration may disrupt the geopolymerization process due to the excessive 
quantity OH- ions which lead to an inefficient reaction. Although condition B has a high 
initial temperature of alkaline activator solution, it’s not enough for acceleration the 
dissolution of Al3+ and Si4+ ions from FA particles and also prevents the 
polycondensation (releasing water). It leads to reduce the failure strength of modified 
sludge in spite of increasing the number of geopolymer binders.  
In contrast, failure compressive strength soars when the amount of geopolymer 
content at condition C is intensified while the failure strain decreased as shown in 
Figure 2-23. It can be indicated that condition B is insufficient to stimulate the 
geopolymerization whereas the condition C may cause the immediate decrease of the 
liquid sample and induce structural creaks on the samples [22]. The concentrations of 
Na and Si determine the type of hydrolyzed ion and the path of the condensation 
process, and hence the chemistry and properties of the resulting geopolymer [29]. 
From conditions C1 to C3, the geopolymer content was increasing, which means that 
the concentration of Na2SiO3, as well as Si4+ ion concentration, was increased. In a 
system with a high Si4+ ion concentration and enough OH- environmental, 
condensation starts with the formation of oligomeric silicates, leading to [poly(sialate–
siloxo) and poly (sialate–disiloxo)] 3D rigid polymeric structures that were shown in 
Eq. (1) and Eq. (2). 
SiO2 + H2O + OH
−  → [SiO(OH)3]
−                                                         (1) 
SiO2 + 2OH
−  → [SiO(OH)2]
2−                                                           (2) 
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Figure 2-22 Relationship between geopolymer content, failure strength  
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Figure 2-23 Relationship between geopolymer content, failure strength  
and failure strain of modified sludge (condition C) 
 
Next, the condition D experimental results will be discussed. Figure 2-24 shows 
the relationship between failure strength, failure strain and geopolymer content on 
modified soil without paper debris. As shown in Figure 2-24, the failure strength is 
enhanced with the growing geopolymer content which satisfies the target value 
however, failure strain drops far from the target value. As mentioned before, in the first 
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(consuming water). But in the second stage, overwhelmed water will hinder the 
polycondensation kinetically. After 1-day curing at 20oC in the oven, the water in 
treated sludge has significantly evaporated. That means the polycondensation, as well 
as geopolymerization reaction, is also increasing. Furthermore, the reduction of 
moisture in modified-sludge leads to the more effective compaction power than the 
modified sludge that immediately compacted after mixing. However, in case of failure 
strain, the result of condition D did not satisfy the target value. As shown in Figure 2-
25, the specimen was quickly broken than other conditions. 
 
 
Figure 2-24 Relationship between geopolymer content, failure strength  
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Figure 2-25 Specimens without adding paper fragment (ratio 7:3) after and before testing 
 
Figure 2-26 and Figure 2-27 show the compression stress–strain curves of all 
conditions after 12 and 18 hour curing, respectively. It is clear that condition D had unstable 
mechanical property while the other conditions can maintain the strength after reaching the 
peak strength.  From previous research [26], the paper debris added to the sludge can raise 
the compressive strength as well as reinforcing agent, the deformability of specimens was 
improved by cement. This conclusion was in agreement with the results in Figure 2-26 and 
Figure 2-27. As the cracks are growing, paper debris hindered relative slippage of damaged 
sections and prevented sludge block deformation, thus restraining crack development and 
improving the ultimate strain. 
 































30 kg/m3 of paper fragment 
ratio of alkaline = 7/3 (condition C)
0 kg/m3 of paper fragment, ratio of alkaline = 7/3 (condition D)
30 kg/m3 of paper fragment 
ratio of alkaline = 5/5 (condition B)
Target value area
before after  
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Figure 2-27 Stress – strain curves of modified sludge by 18 hours curing 
 
2.3.2 Effect of geopolymer content, paper debris and curing 
time  
(1) Experimental apparatus 
The experimental apparatus is same with the apparatus for checking the effect 
of ratio of alkaline solution. 
 
(2) Experimental procedures 
The compaction method was employed to make specimens, but the optimum 
ratio of alkaline solution was kept constantly (7:3). The mixing condition was 
shown in Table 2-6. The curing time was investigated with several conditions 
(7, 14, 28, 42 days) and the unconfined compression test was carried out in 
order to evaluate the failure strength and strain after curing. The durability of 
specimens after curing 28 and 42 days was measured. Measuring the durability 
of geopolymer-stabilized soils is one of the main concerns in soil stabilization 
since there is no standard procedure for this case. Durability is defined as the 
ability of stabilized soil to retain its strength, impermeability, and dimensional 
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degree of durability is based on the performance goals as defined by resistance 
to moisture absorption, strength reduction, and wetting and drying cycles. As 
cement-stabilized soils, there are two standard procedures of durability tests. 
ASTM D559, Standard Test Method for Wetting and Drying of Compacted Soil-
Cement Mixtures, and ASTM D560, Standard Test Method for Freezing and 
Thawing of Compacted Soil-Cement Mixtures [30, 31]. 
For geopolymer stabilized soils there is no standard procedure test, so different 
methods were used by different authors. One of the typical procedures to check 
the durability of modified soil is Drying – Wetting cyclic test. The wetting and 
drying (w–d) cycles caused tension and surface cracks, which reduces the 
strength of stabilized soil due to the expanding and shrinking volume of 
specimens. Furthermore, this cyclic results in more porous and less saturated 
modified soil. In this research, the durability of geopolymer-stabilized soils was 
measured after 10 cycles. 
The experimental procedure was shown in Table 2-7 and Figure 2-28 below. 
According to final report of cooperative research developed by [32], one drying 
- wetting cycle consists of drying stage in the oven machine for 2 days at 40 
degree Celsius and the watering phase was executed for 1 day at 20 degree 
Celsius. Observing and photographing of specimens were carried out after each 
phase of drying and wetting. Unconfined compression tests were conducted 
after prescribed cycle to investigate the change of failure strength and failure 
strain. Soundness of specimens was estimated according to the ranking shown 
in Table 2-8. Rank A indicates that the soundness of specimen remains similar 
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Table 2-6 Mixing condition checking effect of fiber 
AA= Alkaline solution; Fa = Fly ash; SH = Sodium Hydroxide; SS = Sodium Silicate 
 
Table 2-7 Procedure of cyclic test for drying and wetting 
 












G0 70 0.4 7:3 0 30 
G1 70 0.4 7:3 10 30 













Specimens 1 cycle Confirmation item 
∅5x10 [cm] 
Drying for two days at 
40oC and wetting for one 
day at 20oC 
* Unconfined compression test after prescribed 
cycle (0th, 2nd, 4th, 6th,8th, 10th) 
* Condition check and photography of specimens 
after drying and wetting of each cycle 
Rank Crack condition Chasm condition 
A Outwardly, there is no change 
B Appearance of fine crack Appearance of surface delamination 
C Appearance of intelligible crack in part of 
specimen 
Small chasm of specimen 
D Appearance of intelligible crack over 
specimen 
Great chasm of specimen 
E Falling of specimen (~20%) 
F Specimen fall wholly, but shape of specimen is remaining 
G Specimen fall wholly, and fragment is aggregated 
H Specimen fall wholly, and fragment is muddy 




Figure 2-28 Procedure of drying – wetting cyclic test 
 
(3)  Results and discussions 
• Effect of curing time, fiber and geopolymer content and strength 
performance of modified sludge 
Figure 2-29 and Figure 2-30 show the development of modified sludge on failure 
strength and failure strain curing at 20oC. In that case, the removal of heat treatment 
means that there was no acceleration of the hardening process of geopolymerization. 
Nevertheless, the geopolymer reaction could continue under ambient conditions for a 
long time after casting and until achieving an acceptable harden [33]. During that time, 
the moisture effect might be seen to be increasing. Water cannot activate the solid 
material except for ones containing considerable OH- anion. High alkalinity is 
necessary to the destruction of raw material. Improving the rheology of the mixture by 
reducing water as it was done for the mixtures G1, G2, G3, and G4 with a high amount 
of paper debris were found to improve the reactivity and favor of unconfined 
compressive strength development. This trend is in the line with other researches on 
the role of water in geopolymerization [34-36]. The geopolymerization, based on the 
view of thermodynamics, can be approximately partitioned into two periods: (i) 
dissolution–hydrolysis, (ii) hydrolysis–polycondensation. The complicated reactions 
in the geopolymerization process following forerunners' researches are simplified as 
below. 
Specimen after curing 
Drying in oven 2 day at 40oC 
Wetting in water 1 day at 20oC Checking the strength properties 
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In the (i) period, water is an indispensable reactant for the destruction of solid 
particles and the dissolving hydrolysis of Al3+ and Si4+ ions, represented in Equations 
(3-1) – (3-3), which both required abundant water at the beginning. If the OH- 
concentration is sufficiently high, raising water will accelerate the dissolution and 
hydrolysis. The polycondensation kinetics could be interfered by excess water in this 
period, which results in smaller reactivity [36, 37], dilutes the reaction or leach out the 
more soluble ions, and transports them away from the reaction zone. Reversely, 
insufficient water leads to a bad wetting of the starting material and prevents the 
exposure alkali-activated fly ash. But in the period (ii), the main reaction may change 
from hydrolysis (consuming water) to polycondensation (releasing water), Equations 
(3-3) – (3-6). If there is too much water, the polycondensation kinetically will be 
hindered. Water is, therefore, critical even in the final stages of geopolymerisation 
because it serves as the transport medium and the polycondensation processes 
occurring concomitantly with dissolution [36, 38]. 
The test results in Figure 2-29 show that the failure strength of modified sludge 
increased slowly from 7 – 14 days meanwhile went up significantly from 14 – 28 days 
and slowed down from 28 – 42 days. The failure strain diminished steadily up to 42 
days as shown in Figure 2-30. Mixture G1, G2, G3, and G4 achieved the strain target 
value after 14 days but G3 and G4 obtained the expectation value after 28 and 42 days. 
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The failure strength and failure strain also went up in parallel with paper debris 
content. This is possible because the water absorption of paper debris could make the 
lower moisture content, which leads to a higher extent of the polycondensation 
reactions, and thus more produced geopolymers. Since the polycondensation reactions 
occur predominantly in the middle of the curing process and prolonged without the 
acceleration by heat in this research, it is expected that the moisture effect discussed 
above could play a significant role. Moreover, the combination of low initial water 
content with low moisture conditions (wrapping specimens by vinyl sheet) during 
curing could improve ambient-cured geopolymers and may produce strength 
comparable to those of geopolymers that were heat treated [38]. 
 
Figure 2-29 Development of failure strength of modified sludge on curing at 20oC 
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Figure 2-31 Relationship between failure strength and failure strength  
with different amount of paper debris 
 
 
Figure 2-32 The relationship between failure strength and modulus of elastic  
with different amount of paper debris 
 
Figure 2-31 indicates the relationship between failure strength and strain of 
modified sludge with a different amount of paper debris. As shown in this figure, 
experiment results were divided into 2 groups: group (i) is the specimens without 
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y = -2E-07x2 + 0.0002x + 0.0088
R² = 0.6736
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y = 72.772x – 17497 
R2 = 0.8294
y = 36.386x – 10970 
R2 = 0.8618
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high paper fragment content. In group (i), the failure strain was extremely low and 
significantly decreased when failure strength increased. In contrast, group (ii) showed 
the disparate tendency, the failure strain was high and went down slowly with 
increasing the failure strength. This trend proved the fact that the fiber, specifically 
paper fragment, is very important to improve the characteristic of the sludge. 
Furthermore, the geopolymer could work effectively with the paper like cement and 
reinforces the connection between fine soil particle and paper fragment.  
The relationship and elasticity of failure strength with different amount of paper 
debris was shown in Figure 2-32. It is obvious that the modulus of elasticity in the 
group (i) and group (ii) followed two different trends. In group (i), the modulus is 
considerably high as the strength properties grow. It indicates that the specimens in 
the group (i) are brittle and cannot maintain the strength throughout the period of 
durability test. In contradiction, the modulus of the group (ii) is lower than that of the 
group (i) and is expected to preserve the strength during the durability test cause its 
ductility. 
• Effect of curing time, fiber and geopolymer content and durability 
performance of modified sludge 
Figure 2-33 shows the relationship between soundness of specimen (curing 28 
days) and cycle number. As for G0 without adding paper debris, specimens were 
destructed quickly by shrinkage when they immersed in water after a 2nd cycle. 
Specimen G1 and G2 kept the good shape after 4th cycle, but the soundness became 
worse after 5th and 6th cycle, respectively. Until 7th and 9th cycle of G1 and G2 
conditions, the intelligible crack appeared outside of the specimens. This means that 
the connection between fine soil particles and geopolymer cement turned out to be 
weaker. In contrary to this behavior, the soundness of G3 and G4 were stable after 10th 
cycle. In other words, the amount of paper debris of G1 and G2 was seen to be not 
enough to preserve the durability of modified sludge resulting in the cracks; or the 
strength development of modified sludge was not adequate to suffer the harsh 
alternation of temperature and environment condition test. To have more evidence on 
demonstration of the predominant factor influencing the durability of modified sludge, 
the increasing of curing time was conducted, particularly curing for 42 days. The result 
is shown in Figure 2-34.  The soundness of specimen G1 showed the better result than 
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the previous result until 7th cycle, but, some fine cracks generated outside. Specimen 
G2 and G3 did not change outwardly. This implied that curing time is the most 
important factor to improve the durability of geopolymer modified sludge. Even 
though the curing time is indispensable, the additive amount of paper debris should be 
considered to make sure the efficient workability between geopolymer cement and fine 
particle sludge. 
 
Figure 2-33 Soundness of specimens with cycle number (modified sludge after curing 28 days) 
 
 
Figure 2-34 Soundness of specimens with cycle number (modified sludge after curing 42 days) 
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Figure 2-35 and Figure 2-36 show the relationship between number of cycles and 
failure strength, the strain of modified sludge for 28 days curing. Failure strength of G0, 
G1, and G2 reduced significantly from 0 – 4 cycles. On the contrast, specimen G3 
increased the failure strength slightly after 2 cycles but after 4 cycles, the strength was 
significantly deteriorated. Only condition G4, failure strength did not change during 10 
cycles test. From 4th cycle to 10th cycle, failure strength of G1 and G2 decreased 
considerably meanwhile G3 remained stable at around 700 kN/m2. At the beginning, 
the failure strength of G1, G2, G3, and G4 are significantly higher than the target value. 
But after 10 cycles, only G3 and G4 satisfy the target value and it seems that these 
conditions can be achieved acceptable value if the additive amount of geopolymer 
cement is decreased. Normally, these values of failure strength of modified sludge drop 
after immersion in water overnight (wet compressive strength) but the strength is 
partly recovered when the samples are dried at 40oC. It is well known that this 
behavior is linked to the hydration of some Si–O–Si bonds into Si–OH bonds in the 
geopolymer matrix, leading to a weakening of the structure [39].  
 
Figure 2-35 Relationship between cycle number and  
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Figure 2-36 Relationship between cycle number and  
failure strain of modified sludge (after curing 28 days) 
 
The increasing amount of paper debris is in agreement with the increase in water 
absorption of specimens because the water absorption capacity of paper debris is 
enormous, it can absorb an amount of water of nearly 5 times its mass, so that the 
specimen with a high amount of paper debris can retain the moisture and the 
evaporation is slowly than the other ones. The other reason is that the specimens with 
large amount of paper debris will have superior porosity than the others ones after 
curing or heating at 40oC in a durability test. Generally, if the porosity in the specimen 
is large, this specimen is durable for drying and wetting because the porosity may act 
as a buffer for expanding in wetting and thinking in drying. The failure strain of G0, G1, 
G2, G3, and G4 decreased from 0th to 2nd cycle but from 2nd cycle to 10th cycle, the 
failure strain increased. Except with G1 condition, failure strain declined after 10 cycles 
because the specimen became nearly collapsed. The reason leading to this trend is 
intertwining the fiber material and soil particles. The increase of additive amount of 
paper debris means that the connection between the geopolymer structure and soil 
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Figure 2-37 Relationship between cycle number and failure strength of modified sludge  
(after curing 42 days) 
 
Figure 2-38 Relationship between cycle number and failure strain of modified sludge 
 (after curing 42 days) 
 
Figure 2-37 and Figure 2-38 show the relationship between cycle numbers and 
failure strength, the strain of modified sludge for 42-day curing. The failure strength 
was improved as well as the durability of modified sludge. The results show the same 
behavior of previous curing time, but after 4th cycle, the failure strength became stable 
in G2 and G3. Furthermore, the failure strain of G3 can achieve the target value. 
According to these results, it can be concluded that not only the amount of paper debris 


















































- 63 - 
sludge by using FGSS. To evaluate the influence of curing time and amount of paper 
debris in the durability of sludge, the relationship between qu(w-d)/qu0 value and 
wetting-drying cycle (w-d cycle) was analyzed based on [40, 41]. Where, qu0 is the 
failure strength unsoaked of modified sludge (initial soaked strength) at 28 days and 
42 days; and qu(w-d) are the failure strength of specimen at w-d cycle test. The results 
are plotted in Figure 2-39 and Figure 2-40. In this evaluation, the target value of qu(w-
d)/qu0 was set to be more than 0.9 to ensure the durability of modified sludge. As the 
result shown in Figure 3-15, the values qu(w-d)/qu0 of G1, G2, G3 and G4 are nearly 0.1, 
0.2, 0.8 and 0.95 respectively. This means that after 28 days cured, modified sludge did 
not achieve the target value of durability if additive amount of paper debris was low.  
The durability of modified sludge was improved following the increase of curing 
times as shown in Figure 2-40. After 10 cycles, G1, G2, G3 achieved approximately 0.2, 
0.9, 1.1. It is evident from the durability tests that the curing time is the most important 
factor for the durability of modified sludge. Aside from that, paper debris is necessary 
to modify the sludge and to ensure the sufficiency of reaction geopolymer cement as 
well as the connection between particle soil and geopolymer structure. Figure 3-17 and 
Figure 3-18 show the photos of modified sludge after 10th w-d cycle to illustrate the 
durability characteristics of each condition test. 
                    
Figure 2-39 The relationship between qu(w-d)/qu0 and number cycle of W-D of modified sludge  
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Figure 2-40 The relationship between qu(w-d)/qu0 and number cycle of W-D of modified sludge  
(after curing 42 days) 
    
Condition G1 Condition G2 Condition G3 Condition G4 
                          Figure 2-41 Specimens after 10th cycle (After curing 28 days) 
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Condition G1 Condition G2 Condition G3 
Figure 2-42 Specimens after 10th cycle (After curing 42 days) 
 
2.3.3 Conclusions 
This chapter investigated the effect of alkaline activation, geopolymer content, 
paper fragment and curing time on failure strength, failure strain and durability of 
sludge improved by Fiber-cement-stabilized soil method using geopolymer instead of 
Portland cement. The following results were obtained:  
1. For early failure strength of modified–soil, Na2SiO3:NaOH ratio 5:5 and 7:3 
show good results after 12 hours and 18 hours. All samples achieved target values for 
failure strain. 
2. At Na2SiO3:NaOH ratio 5:5, failure strength dropped and failure strain gained 
with an increase of geopolymer content. A reverse trend happened when geopolymer 
ratio changed to 7:3. Furthermore, failure strength reached the target value after 12 
hours given the 9% geopolymer content at 7:3 ratio. 
3. Modified-soil, without adding paper debris, is required to be cured in oven for 
1 day at 20oC, then specimens can be made by compaction. After 12 hours and 18 hours, 
failure strength was significantly higher than target value but failure strain was not 
satisfied. Furthermore, specimens without adding paper debris showed unstable 
mechanical property, they achieved the peak strength very quickly but can hardly 
maintain the strength property and as the result, collapsed suddenly. The fiber is an 
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important factor for modified sludge. The effect of the amount of paper debris should 
be considered. 
4. Increasing the amount of paper debris, the failure strength and failure strain of 
modified sludge also rose. However, when the amount of paper is over 3% (30 kg/m3), 
the failure strain started declining while the failure strength remained growing. 
5. The high amount of paper fragment has the influence on the modulus of 
elasticity. The specimens with high paper debris compared to other one had a low 
modulus of elasticity. It is expected that paper debris can improve the durability of 
modified sludge under changing weather condition. 
6. The curing time is one of the most important factors in affecting the durability. 
If the amount of paper debris and geopolymer is low, the curing time should be 
extended to warrant the durability of modified sludge. 
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3.1 Introduction 
The chapter describes an alternative application of geopolymer: the stabilizing 
high-water-content soil (sludge) in the landslide area so that the heavy machine can 
move on. In order to demonstrate the feasibility in real site construction, two popular 
methods for stabilizing sludge in term of failure strength, strain and bulk density in this 
study are applied: sludge conditioning and sludge dewatering.  
➢ The sludge dewatering process using some equipment such as filtration, 
centrifuge to dewater the sludge; and then, mixes with chemicals to 
enhance the strength properties.  
➢ Sludge conditioning is a process whereby sludge is treated with chemicals 
or various other means to improve the dewatering characteristics of 
sludge before applying in the construction area. 
Notwithstanding, in comparison to cement, geopolymer could pose the challenge 
on the elevated temperature curing requirement owning to the fact that fly ash serving 
as the solid base requires heat treatment, the activation energy at the early stage. to 
achieve adequate reaction and strength [1]. The solutions to avoid heat-treatment have 
become the focus and consequently affects the feasibility of wide application in real 
Chapter 3 
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construction and manufacturing. There are several ways of improving the rate of the 
polymerization reaction. Chindaprasirt et al. [2] suggested that the fitness of high-
calcium fly ash can improve the setting time, workability and strength development of 
geopolymer. Beside of that, Tanakorn et al. [3] concluded that the incorporation 
activator such as calcium compounds in the form of ground granulated blast-furnace 
slag or Portland cement as a precursor for making geopolymer concrete at ambient 
temperature is similar to OPC concrete. These methods showed new ways to produce 
the geopolymer but pay off with complex manufacturing processes.  
In this chapter, other aspects of utilizing the geopolymer to optimizing the 
performance at ambient temperature are studied: the effect of initial water content, 
initial curing time, geopolymer content, and moisture to the geopolymer-modified 
sludge. The results show that the geopolymer synthesis could be improved at the 
ambient curing temperature with a certain specified initial water content, moisture 
content and proper initial curing time. The role of water on polymerization at the 
sludge environment was evaluated in term of failure strength, failure strain, bulk 
density, and micro-structure of modified sludge. Furthermore, the effect of initial 
curing time, an integral factor for synthesizing the geopolymer matrix was also 
mentioned in this research. 
 
3.2 Materials 
Imitated-sludge, alkaline solution, fly ash were used in this chapter.  
• Imitated-sludge 
In this experiment, same imitation sludge mentioned in chapter 2. The chemical 
composition and grain size distribution are already shown in chapter 2. 
• Fly ash 
In this experiment, same fly ash as shown in chapter 2 was used. 
• Alkaline activator  
Sodium hydroxide and sodium silicate are used as the same molar concentration 
as chapter 2. 
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3.3 Experimental procedures 
In other to investigate the influence of initial curing and water content on 
geopolymer modified sludge, some experiment conditions are kept constant. The 
activator solution-to-fly ash ratio and the sodium silicate to sodium hydroxide ratio 
were used at 2:5 and 7:3 following the results from Vu et al. [4], which showed the best 
condition for the polymerization process in term of low-temperature curing (20oC) and 
sludge environment. Two different procedures to make the sample are described as 
follow: 
a) Making the specimens without initial curing time (sludge dewatering): 
The main purpose of this procedure is to make the specimens which do not use 
the initial curing time. This procedure imitates one of the methods that is often used in 
the treatment sludge process on the construction site. The high-water-content of 
sludge was dehydrated through various types of equipment such as bag or pump until 
the water content of sludge drops to the optimum water content or in the other words, 
the water content for the efficiency of compaction energy is the highest. In laboratory 
condition, to simplify this process and diminish the effect of undesirable environmental 
conditions, the sludge was dried entirely (±0.5%) and mixed with a low range of water 
(less than 40% by weight). The mixing condition shows in Table 3-1 and the process of 
this procedure is similar with compaction method that mentioned in the chapter 2. 
After 7 days, the specimens are unwrapped and the characteristic is investigated by 
Unconfined compression test (UC test) in term of Failure strength and strain. The moist 
density of specimens is also recorded. 
b) Making the specimens with initial curing time (sludge conditioning): 
The initial curing time is the most important factor in this procedure. In the 
construction site, one of the common processes to modify the sludge is mixing with 
cement and then waiting until the water drops to the appropriate level for compaction. 
To imitate this process in of laboratory condition, the procedure is described as follow: 
- The procedure to prepare the sludge and geopolymer is the same as the previous 
procedure. However, the initial water content of sludge is adjusted with a high-water 
content of reality sludge on the landslide area (40%, 50%, 60%, 70% by weight). 
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- After mixing, the mixture will be poured into the container (plastic box) and 
stored in the oven for initial curing at 20oC (±2oC). To minimize the unexpected factors 
that might affect the water evaporation of modified sludge, the same amount of 
modified sludge is conducted. The total mass of the container and sludge are carefully 
measured and recorded. 
- Every 3 hours, the changing of the total mass of the container is weighted and 
the moisture is measured by Infrared Moisture Analyzer FD-720. Until the moisture 
content (MC) in the modified sludge dropped to 28%, 30%, 32%, 34%, 36%, 38% 
(same amount of water content with previous research) respectively, the initial curing 
process is stopped. Moisture content in this context is the water content of sludge after 
mixing with geopolymer. To uniform the experimental results and compare the effect 
of two methods, the moisture content is used to identify the compaction period. 
- For each condition of moisture content, the procedures for making and curing 
specimen are the same as the previous one, keeping at 20 ± 3 degrees Celsius in 7 days. 
The mixing condition is shown in Table 3-2. Figure 3-1 shows the flow chart of the two 
methods. 
Table 3-1 Mixing condition of the specimens without initial curing time (Sludge-dewatering) 
Samples MC (%) AA:FA SS:SH Geo (%) 
G5 28, 30, 32, 34, 36 2:5 7:3 5 
G10 28, 30, 32, 34, 36 2:5 7:3 10 
G15 28, 30, 32, 34, 36 2:5 7:3 15 
G20 28, 30, 32, 34, 36 2:5 7:3 20 
 
Table 3-2 Mixing condition of the specimens with initial curing time (Sludge-conditioning) 
Samples IW (%) AA:FA SS:SH Geo (%) 
GI5 40, 50, 60, 70 2:5 7:3 5 
GI10 40, 50, 60, 70 2:5 7:3 10 
GI15 40, 50, 60, 70 2:5 7:3 15 
GI20 40, 50, 60, 70 2:5 7:3 20 
 
 





















Figure 3-1 Flow chart of experimental procedure of dewatering and conditioning method 
 
3.4 Results and discussions 
3.4.1 Moisture content 
Figure 3-2 shows the relationship between moisture and initial water content of 
modified sludge at different geopolymer conditions (5%, 10%, 15%, 20%) in sludge 
dewatering method. The moisture content of modified sludge is controlled by two 
factors: initial water content and geopolymer content. The main components of 
geopolymer are fly ash and alkaline activator, which raised controversy regarding the 
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and temperature is are the most important parameters contributing to the mechanical 
strength of geopolymer, meanwhile, the AA:FA parameter is not a relevant one. 
Notwithstanding, many researchers recently have shown the contrast results, whereby 
the optimum ratio of AA:FA could improve the homogenous and minimize the 
proportion of uncreated fly ash microsphere [6]. In this research, the ratio of AA:FA is 
set constantly 0.4 according to the suggestion from Mustafa et al. [6, 7]. Consequently, 
along with the increasing amount of geopolymer, the solid phase supply in the total 
mixture of modified sludge also improved. That leads to the decrease of initial water 
content in dewatering method and moisture content of modified sludge in conditioning 
method (Figure 3-2 and Figure 3-3) 
Figure 3-3 shows the relationship between the moisture content of modified 
sludge and elapsed time with different concentration of geopolymer 5%, 10%, 15%, 
20%, respectively. Generally, the moisture content reduced quickly to 4% and 3% 
when the moisture content at 60% or 50%, respectively. The results can be separated 
into two different zones: Curing zone and Compaction zone. Curing zone is the area 
where the moisture content is over than 40%. In this zone, the modified sludge is soft 
and difficult for compaction, in other words, the compaction energy is less effective. 
The main purposes of the curing process in this zone are the evaporating of exceeded 
water in sludge as well as the initiating favorable condition to improve the efficiency of 
polymerization. Based on the literature review [8], compaction zone is the area where 
the moisture content ranges from 5% to 40%. In this area, the modified sludge is stiffer 
and can be assessed for compaction. The total moisture content from the beginning 
(elapsed time is 0) reduces while the amount of geopolymer content increases because 
the supply of solid phase (fly ash) is larger than liquid phase (alkaline activator). 
Consequently, the modified sludge which has a higher amount of geopolymer content 
tended to drop down in the compaction zone quickly than the lower one. Furthermore, 
the results also showed that either in the curing zone or compaction zone, with the 
same amount of initial water content, the mixture with lower geopolymer reduces 
faster than the higher ones. The changing of water content of modified sludge 
corresponding with the high amount of geopolymer become analogous with a shorter 
time compared to lower ones. The absorption of silicon and aluminum in the 
amorphous phase of fly ash into both external and internal negative surface layers of 
clay (double layer theory) affected the evaporation capacity of modified sludge [26]. 
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Besides, the geopolymer matrix is supposed to form a layer on the surface of the 
mixture through the curing process. The effect of this layer on the evaporation water 
of modified sludge strongly depends on the amount of geopolymer content. 
 
Figure 3-2 The relationship between moisture content and initial water content of modified sludge  
with different geopolymer content (Sludge-Dewatering) 
 
3.4.2 Bulk density  
Figure 3-4 and Figure 3-5 show the bulk density of modified sludge with different 
concentration of geopolymer corresponding to several conditions of moisture content 
by dewatering and conditioning methods. Bulk density is determined through the 
relationship between the total weight and the total volume of samples. Expectedly, bulk 
density rose with a growth in initial water content [27]. At the low initial water content, 
the soil is comparative with high stiffness and strong resistance during the compaction. 
As the water content increases, the soil particles become lubricated and closed packing. 
This result is rational given that the bulk density of modified sludge increases when the 
initial water content is heightened in both dewatering and conditioning process. Both 
the bulk density and the water content were added until the optimum water content is 
reached. At that stage, the air voids attain an approximately constant volume. In this 
experiment, the optimum initial water content of all geopolymer stabilized sludge is 
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a) Geopolymer content 5% 
 
 
b) Geopolymer content 10% 
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d) Geopolymer content 20% 
Figure 3-3 The relationship between moisture content and elapsed time of modified sludge  
with different geopolymer content (Sludge-conditioning) 
 
by Sukmak et al. and Cherdsak et al. [28, 29], in which the optimum water content for 
the highest bulk density as well as the dry density of modified sludge is not appreciably 
affected by the addition of the geopolymer precursor. The maximum bulk density of 
modified sludge is around 1750 to 1770 kg/m3. 
However, the optimum moisture content of modified sludge by the conditioning 
process showed a different tendency with dependence on two factors: the initial water 
content of sludge and geopolymer content. The higher level of initial water content the 
longer the initial curing time and the formation of geopolymer. The geopolymer matrix 
could cover and change the shape of the soil particle. Therefore, the efficiency of 
compaction energy also changes because of the drop in the repulsion between diffused 
double layer and the increase in the edge-to-face contacts between clay sheets [30]. In 
conditioning method, the increase of initial water content of sludge could flocculate soil 
particle, raise the plastic limit and reduce the maximum bulk density of modified sludge 
with the same amount of geopolymer content (Figure 3-4). At the approximate level, 
the geopolymer content could improve the maximum bulk density of modified sludge. 
On the other hand, fly ash component contains a large number of active Al3+ and Si4+ 
ions in chemical composition. These ions are attracted more negative ions from the 
ionic environment to form a dense electrical layer around the particles. The attraction 
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density of modified sludge. This tendency can be observed when geopolymer changed 
from 5% to 10%. Beside of that, the water from the polycondensation of a three-
dimensional aluminosilicate network improved the rheological behavior as well as 
reduces the plastic limit of modified sludge. Therefore, this leads to the reduction of 
optimum moisture content for compaction when the geopolymer content and bulk 
density altered from 10% to 20%. The decrease in optimum moisture for compaction 
related to the rise in bulk density was also observed by Lisa et al. [31]. Furthermore, in 
case of higher moisture content from the optimum value, the air voids do not decrease, 
but the total voids (air plus water) increases and leads to a fall in bulk density. It shows 
a similar trend in both dewatering and conditioning processes (Figure 3-4 and Figure 
3-5). 
Figure 3-6 shows the comparison of optimum conditions for the highest bulk 
density between the dewatering and conditioning methods. In the dewatering method, 
the maximum bulk density depends on the geopolymer content. This is because the 
optimum moisture content does not change. In that case, the increasing amount of 
geopolymer can be explained by the ratio of AA:FA of growing solid phase and bulk 
density. Figure 3-6 also indicated that the bulk density of modified sludge by 
dewatering method is higher than conditioning one even in case of changing the curing 
time. It is supposed that the compaction energy of dewatering method is more efficient 
than the conditioning method. This efficiency of compaction energy leads to the 
increase of the bulk density as well as the decline of the porosity inside the modified 
sludge structure. 
 
Figure 3-4 Relationship between moisture content and bulk density of modified sludge  
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a) Geopolymer content 5% 
 
b) Geopolymer content 10% 
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d) Geopolymer content 20% 
Figure 3-5 Relationship between bulk density and moisture content of modified sludge with different 
geopolymer content (Sludge conditioning) 
 
 
Figure 3-6 Comparison of the optimum condition of bulk density between sludge dewatering and sludge 
conditioning process 
 
3.4.3 Failure strength  
The test result (Figure 3-7) shows the relationship between moisture content and 
failure strength of modified sludge after 7 days curing. With the initial water content 
ranges from 30% to 32%, the values of failure strength increased, and declined later 
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changing of the bulk density of modified sludge. In the sludge conditioning process, the 
same phenomenon is observed (Figure 3-8). The optimum moisture content and 
maximum failure strength of modified sludge are consistent with bulk density results. 
This result is the same as the mentioned in Carter [9] that the bulk density owns a 
strong effect on the strength characteristic of soil. The high bulk density causes the 
reduction of macro porosity in soil structure affecting to the strength characteristic. In 
this experiment, the removal of heat treatment (curing at high temperature) suggests 
that the activation energy supply for polymerization was eliminated even though this 
is the exothermic reaction. Nevertheless, the geopolymer reactions were able to carry 
out for a long time after casting under ambient conditions (20 ± 2oC) and sludge 
environment (high water content) until achieving an acceptable harden and properties 
[10]. In this process, the specimens were made and covered by PVC sheet immediately 
after the mixing of modified sludge, therefore, nonevaporable water contributed 
significant influence on the polymerization. Nonevaporable water in the structure of 
modified sludge can be classified into capillary water, interlayer water and chemically 
bound water [11]. All of them play as integral parts of the structure and with no doubt, 
have influence on the properties of geopolymer. The principles of the polymerization 
process were partitioned into two series based on the polycondensation of 
hypothetical monomers by Prof. Davidovits [12]: 
Series 1: 
(Si2O5, Al2O2)n + 3nH2O
NaOH/KOH
→        n(OH)3 − Si − O − Al
−(OH)3                                      (2) 
 




→    (−SiO − O − Al−O− O −)𝑛  + 3nH2O                          (3)    
                  Orthosialate                                              Poly(sialate) 
 Series 2: 
 (Si2O5, Al2O2)n + 2n𝑆𝑖𝑂2 + 4nH2O                                                                                                              
                                
NaOH/KOH
→        n(OH)3 − Si − O − Al
−(OH)2 −O − Si(OH)3                          (4) 
 
       n(OH)3 − Si − O − Al
−(OH)2 − O − Si(OH)3                                               
                  Ortho(sialate-silioxo) 
                                 
NaOH/KOH
→         (−SiO − O − Al−O − O − SiO − O −)𝑛 + 4nH2O                  (5) 
                                               Poly(sialate-siloxo) 
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In the first equation of each series above, water acts as an important factor to 
dissolve the silicon and aluminum oxides from fly ash under alkaline environment and 
hydrolysis aluminosilicate ions. Adequate water level would accelerate the dissolution 
and hydrolysis; however, abundant amount of water could turn to inferior reactivity. 
As the second equation, water will interfere with the polycondensation because the 
main reaction in this state changed from consuming water to releasing water. However,  
in the period (ii), the main reaction may change from hydrolysis (consuming water) to 
polycondensation (releasing water). Water performs like a product in this period, and 
if there is a large amount of water was added, it would hinder the polycondensation 
kinetically.  
In order to investigate the effect of initial water, moisture and geopolymer 
content, the optimum condition of failure strength from two methods was selected and 
checked the strength performance after 3, 7 and 28 days (Figure 3-9). It shows that the 
failure strength of modified sludge in conditioning method at 40% and 50% IW is 
higher than the dewatering method. Furthermore, the effectiveness of increasing 
geopolymer content reveals the strength gap among each geopolymer content 
condition. It indicates that the initial curing time could considerably affect the existence 
of geopolymer precursors, thus improving the failure strength. However, long initial 
curing time has a negative effect on the bulk density (Figure 3-4) and leads to the 
reduction of failure strength of modified sludge. In the conditioning method, the failure 
strength of modified sludge at high level of initial water content (60%, 70%) was 
weaker than the dewatering method even if the geopolymer precursor was increased. 
In both methods, the geopolymer at all dosages were effective to modify the sludge for 
machine to move on based on the Takahashi’s experiment results [13] (target of failure 
strength is more than 123 kN/m2). According to ASTM 4609 [14], an increase in UCS of 
345 kPa (50 psi) or more due to chemical treatment be considered effective for 
modified soil. Thus, the experimental results showed that the 28-days curing time is 
essential to achieve the target value with certain conditions: in dewatering method, the 
geopolymer content is higher than 10%; in conditioning method, initial water content 
of sludge is lower than 50% with all amount of geopolymer (from 5% to 20%). 
 
- 84 - 
 
Figure 3-7 Relationship between moisture content and failure strength of modified sludge with different 
concentration of geopolymer (Sludge dewatering) 
 
a) Geopolymer content 5% 
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c) Geopolymer content 15% 
 
d) Geopolymer content 20% 
 
Figure 3-8 Relationship between failure strength and moisture content of modified sludge with different 
geopolymer content (Sludge conditioning) 
 
3.4.4 Failure strain  
In soil mechanic, failure strain is one of the most important parameters to 
estimate the stiffness behavior of soil. Moreover, it can improve the durability of 
modified sludge [13]. Generally, the failure strain progresses alongside with the 
moisture content which is showed in Figure 3-10 and Figure 3-11. The main factor 
generated this phenomenon is the interlayer water in the modified soil texture. The 
total surface area of the soil particle can be fulfilled by the water resulting from the 
ductile behavior performance [15]. Therefore, this phenomenon is met only with the 
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content. When the geopolymer content is 15% and 20%, the failure strain changed 
gradually while the moisture content altered from 32% to 38%.  It implied that if the 
level of geopolymer content is high, the sludge will shift due to the act of covering the 
surface of soil particles by geopolymer matrix and this phenomenon affects the bearing 
between soil particles and nonevaporable water inside the structure. Beside of that, 
the results in Figure 3-11 also indicated that the increase of initial water content leads 
to the decrease of failure strain in modified sludge at all dosage. It seems that the initial 
curing time is the main factor affecting this phenomenon. With the long initial curing 
time, the existence of geopolymer inside the sludge structure also increases. In normal 
case, the energy of compaction improves the density of modified sludge but in this case, 
it unwittingly destructs the geopolymer matrix as well as the bonding with soil particle. 
Furthermore, the failure strain after 3 days remains stable at the same level while after 
7 days and 28 days, it amends accordingly to the failure strength (Figure 3-12). The 
failure strain without geopolymer felt sharply after 28 days curing. In contrast, the 
failure strength of modified sludge in both methods plunged gradually. It proved the 
fact that geopolymer does not only enhance the soil’s strength but also improves the 
soil’s ductility [16]. In addition, the failure strain of modified sludge by dewatering is 
always higher than the conditioning method which comes with the improvement of 
soil’s ductility. 
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c) 28 days 
 
Figure 3-9 Comparison of the optimum condition of failure strength between sludge dewatering 
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Figure 3-10 Relationship between moisture content and failure strain of modified sludge with different 
concentration of geopolymer (Sludge dewatering) 
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b) Geopolymer content 10% 
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d) Geopolymer content 20% 
 
Figure 3-11 Relationship between moisture content and failure strain of modified sludge with different 
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b) 7 days 
 
c) 28 days 
 
Figure 3-12 Comparison of the optimum condition of failure strain between sludge 
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3.4.5 XRD analysis  
 
 
Figure 3-13 XRD result of modified sludge with 5% of geopolymer  in both methods. After 3 days: (a) 
G5MC32, (c) G5IW40, (e) G5IW70. After 28 days: (b) G5MC32, (d) G5IW40, (f) G5IW70 
 
 
Figure 3-14 XRD result of modified sludge with 20% of geopolymer  in both methods. After 3 days: (g) 
G20MC32, (i) G20IW40, (k) G20IW70. After 28 days: (h) G20MC32, (j) G20IW40, (l) G20IW70 
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X-ray diffraction tests were conducted to identify the mineralogy of the generated 
fly ash-based geopolymer modified sludge specimens. The specimens were milled and 
desiccated before launching an X-ray scan. Two conditions of conditioning method G5 
and G20 with 32% of moisture content and four conditions of dewatering method G5 
and G20 with 40% and 70% of initial water content were chosen for further 
investigation at two different curing time 3 days and 28 days.  From Figure 3-13 and 
Figure 3-14, it can be concluded that in general, all the twelve patterns share quite 
similar trends. The low and broad diffraction bands without distinct peaks can be 
observed in the ranges between 10o–19o, 29o–39o and 51o–60o, respectively in all 
specimens, indicating that these amorphous phases existed. For the geopolymer 
specimens, these amorphous phases could be a combination of the unreacted 
amorphous oxides in the original fly ash and the newly generated geopolymer 
compounds [17, 18]. In agreement with former research, as for the crystal phases, 
quartz, mullite, and zeolite are detected in the geopolymer modified sludge, which 
formed the main mineral framework and was responsible for the mechanical strength 
and strain of the modified sludge specimens [19]. Quartz phases were seen at 2θ values 
of 20.1o, 26.9o, and 60.1o, whereas mullite phases were detected at 2θ values of 27.9o 
and 40.6o. Alumina peaks were not identified in the XRD pattern, suggesting that the 
alumina in the FA was mainly in the amorphous phase [20].  
The XRD patterns show that a number of non-dissolvable ingredients in the 
entirety of FA, clay, silt (quartz, mullite, zeolite) remained in the reaction products. 
After 28 days curing time, several characteristics of six conditions of both methods 
peaks remained in the diffractogram of the modified sludge samples. In comparison 
with the XRD patterns after 3 days samples, there are no new peaks appeared on the 
XRD pattern, except for the change in the intensity of peaks. From the XRD patterns of 
modified sludge, the presence crystalline phases of sharp peaks of quartz and zeolite, 
inherited from FA and clay respectively, was proved to have little involvement in the 
geopolymerization process [20]. The differences in the crystalline intensities strongly 
contributed to the failure strength of modified sludge [21]. The specimen with 
conditioning method G20IW40 has higher peak of quark at 26.9o and the peak of zeolite 
at 50.3o than other conditions (Figure 3-13, Figure 3-14). This phenomenon confirms 
the previous unconfined compression strength test results. It is believed that these 
crystalline phases were beneficial to the mechanical properties of the resultant 
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geopolymers structure. On the other hand, it is interesting to identify the partial loss of 
mullite at peak 27.9o (Figure 3-13, Figure 3-14), which was indicated with specimen 
G5MC32 and G20MC32 in dewatering method and G5IW70 and G20IW70 in 
conditioning method. However, this phenomenon was not noticed in G5IW40 and 
G20IW40 in conditioning method. It means that a part of mullite was contributing to 
the formation of extra sodium aluminosilicate hydrate designated N-A-S-H, amorphous 
aluminosilicates semi-crystalline gels. Rama Mohan Rao et al. [22] previously reported 
a similar detection in his book, which supported the fact that the initial curing time 
both contributes to the polymerization process of geopolymer generation and creates 
favorable conditions for the formation of N-A-S-H as well. Inversely, high amount of 
initial water content could be obstacle for alkaline activation reaction.  






Figure 3-15 SEM images of modified sludge by with optimum condition. Conditioning method: (a) 
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Figure 3-16 SEM images of modified sludge by with optimum condition. Conditioning method: (g) 
G5MC32, (h) G20MC32. Dewatering method: (i) G5IW40, (j) G20IW40, (k) G5IW70, (l) G20IW70 (after 28 
days curing) 
 
Scanning Electron Microscopy (SEM) testing was proposed to observe the pace 
of microstructural development on fly based geopolymer modified sludge. SEM test 
was conducted on the coated residual pieces of modified sludge after testing 
unconfined compression strength. Twelve pieces were collected from twelve different 
conditions of modified sludge and the dominant type of structure seen in the SEM 
images was chosen to be the representative image. The images for 3 days and 28 days 
curing of samples with conditioning method (Geo 5% and 20%, initial water content 
32%) and dewatering method (Geo 5% and 20%, initial water content 40% and 70%) 
shows in Figure 3-15 and Figure 3-16, respectively. The images in Fig. 19 (a), (b), (c) 
and (d) displayed more densified mass that developed under ambient 3-day curing 
condition. Furthermore, fly ash particles were partially dissolved and started to form 
small loosely connected blocks in these images. After 28 days, such blocks became 
denser and more closely connected with a reduction in the intermediate pores (Figure 
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in Figure 9 (a) and (c). In Figure 3-16 (i) and (j), a similar phase in Figure 3-16 (g) and 
(h) was observed, while a lower proportion of unreacted fly ash particles existed and 
tighter geopolymer block connection. Hence, this observation may further support the 
conclusion that the effect of initial curing time that improved the formation of original 
geopolymer product and dissolution of original fly ash particles in an alkaline 
environment as well as the condensation of final product [23]. The loose particle 
connections and the ratio volume of the void from Figure 3-15 (e), (f) may be the causes 
of the lower strength when comparing to the material whose structure is depicted in a 
large amount of unreacted fly ash particles. Uncompleted chemical reaction of the solid 
materials in the alkaline environment, which results in poor microstructure and high 
porosity is probably one of the reasons. It is interesting to note the high amount of 
initial water content affects strongly in polymerization, despite the specimens was 
made with optimum condition of moisture and initial curing time, the ratio of 
unreacted fly ash and air void was higher than lower initial water content in 
conditioning method that is depicted in Figure 3-16 (k), (l).  
 
3.5 Conclusions 
This research investigated the influence of initial water, geopolymer and 
moisture contents on geopolymer modified sludge in the landslide area at ambient 
temperature. Dewatering method can enhance the bulk density, and failure strength of 
sludge and is effective for treatment sludge if high amount of geopolymer is added. 
Meanwhile, in conditioning method, polymerization is more effective but the initial 
water content of sludge has to be considered. The following conclusions are drawn 
from this study: 
• The geopolymer content have an influence on the evaporation of modified 
sludge. The sludge with 15% or 20% geopolymer tends to slow down the 
evaporation pace in conditioning method. The optimum water content for 
compaction in the dewatering method is the same with all dosages of 
geopolymer, while in the conditioning method, the initial water and 
geopolymer in the sludge make up the decision. In this method, given the 
same amount of geopolymer, the increase of the initial water content leads 
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to the improvement of the optimum moisture content. Besides, based on the 
results, the upswing of geopolymer content could reduce the initial curing 
time to achieve the optimum moisture content for compaction. 
• The bulk density of sludge was observed to improved faster in dewatering 
method than the other one. On the other hand, the bulk density increased 
when the value of optimum water content decreased and vice versa in all 
levels of geopolymer are the observations seen in the conditioning method. 
At 32% moisture content and 20% geopolymer, the dewatering methods 
achieved the highest bulk density level; compared to 40% initial water 
content and 20% geopolymer in conditioning method. 
• In both methods, the failure strength of modified sludge was improved, and 
reached higher level in conditioning method than dewatering one while the 
failure train is lower. It demonstrated that the initial curing time could 
improve the polymerization as well as extra hydration reaction. 
Consequently, it is merely considered effective to treat the sludge after 28 
days after satisfying the following conditions: in dewatering method, the 
geopolymer content must be higher than 15%; in conditioning method, the 
initial water content ought to be less than 50% at all dosage of geopolymer 
(from 5% to 20%). The high amount of clay content in soil structure results 
in decreasing the failure strain in both methods as increasing the curing time 
but the decreasing is gradually comparing to the original sludge. 
• Chemical analyses found that the majority of crystalline phases in the 
geopolymer modified sludge were quartz, mullite, and zeolite. The initial 
curing time improved the formation of zeolite as well as N-A-S-H, however, 
the high initial water content impacted inversely to the performance of 
strength characteristic of modified sludge. Through SEM observation, 
modified sludge by conditioning method with 20% of geopolymer and 40% 
of initial curing time showed the denser structure relative to the other 
samples. This was in good agreement with the compressive strength 
development of the modified sludge. This phenomenon supports the fact 
that modified sludge by conditioning method could modify sludge better 
than dewatering method if the initial water content less than 50%.  
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4.1 Introduction 
4.1.1 Role of clay in soil 
In soil science, soil is defined is a type of rocks, especially sedimentary rocks, 
constitutes a complex mixture of minerals, organic matter and water. The most active 
mineral constituent of soils is clay which refers to secondary silicates or phyllosilicates 
and includes silicates, oxyhydroxides layers of  Fe, Al and Mn and other metals, as well 
as non-crystalline, or nanocrystalline, compounds such as allophane and imogolite [1]. 
Clay minerals appear in small particle sizes (<0.002 mm) and are very fine grained, 
flake shaped and differs leaning on geological deposits and standards for measuring 
techniques.  The main structure of clay minerals includes tetrahedron which is formed 
from the bonding of silicon ions to the oxygen atoms on all four sides and octahedron, 
created from aluminum and magnesium ions coordinated on eight-sides with oxygen 
and hydroxyl ions[2].  
All clay minerals forming from octahedral and tetrahedral sheets with certain 
types of cations, play important roles in the stabilization of organic carbon in soils [3, 
4]. Changes in the structures of the octahedral and tetrahedral sheets result in the 
formation of different clay minerals [5]. Other common clay mineral groups are 
Chapter 4  
Investigation of the effect of clay 
content and other factors on modified 
sludge by Taguchi method 
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kaolinite, illite and smectite (montmorillonite). Kaolinite consists of silica and alumina 
plates, and these plates are strongly adhesive, due to the stability of kaolin clay (Figure 
4-1). Illite has layers made from two silica plates and one alumina plate (Figure 4-1). 
However, illite contains potassium ions between each layer; this characteristic makes 
the structure of the clay stronger than smectite which has two silica plates and one 
alumina plate. Because there is a very weak bond between the layers, large quantities 
of water can easily enter the structure (Figure 4-1). This event causes the swelling of 
such clay [6] 
 
 
Figure 4-1 Clay mineral structure [6] 
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Clays make contributions to soil function such as strength, hydraulic conduction, 
settlement and swelling that are related to their huge inner and outer surfaces [7]. The 
inner surface is particularly huge for micaceous 2:1 aluminosilicate. The most 
prominent example of properties related to their bulk is the supply for plants (and 
microbes) of potassium, which is the major ion residing in the interlayers of 2:1 
phyllosilicates. Due to isomorph substitution, surface anion and cation exchange 
capacity, clay is the major reason leading to low strength, high compressibility and high 
level of volumetric soil change. Isomorphic substitution is the replacement of atom in 
the octahedral or tetrahedral sites by another, the phenomenon of anions subsequently 
attach to crystal head of the clay surface and organic molecule content causing an 
electrical load imbalance (Figure 4-2). This imbalance results from clay’s extreme 
affinity to water by hydrogen bonding and cations in the environment. The more 
attracting water molecules to the clay surface, the more plasticity, swelling/shrinkage, 
volume expansion on the soil properties is depending on cation/anion changes in the 
clay minerals [8].  
The behavior of clays is affected by the individual clay particle arrangements and 
pore water content. In this way, the spreading of cations on the surface of a clay particle 
by water spread in liquid environment is called the double layer. Briefly, the cations 
are distributed around the negatively charged surface of the clay particles, with the 
greatest density near the surface and decreased density with increasing distance from 
the surface (Figure 4-3). Sidney Diamond stated that the double layer affect 
predominantly on the physical and mechanical properties of the soil due to the 
influence of arrangements of the clay particles [9]. Moreover, the formation of 
compositions and settlements in the clay is manipulated by other environmental 
factors like temperature, precipitation, groundwater level, pH, etc...[10]. Therefore, 
clay from the same rock can be different under different environmental conditions. 
Generally, improving gradation, reducing plasticity, swelling potential, increasing 
strength and workability are all essential prior usage in road construction, dams, slurry 
walls, airports and waste landfills. In this research, the effect of clay content on 
geopolymer modified soil is the primary focus. 
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Figure 4-3 Double layers [11] 
 
4.1.2 Taguchi method 
In science, planning and conducting the experiments are essential to obtain data 
and understand phenomenon. Generally, there are two main methods in getting data: 
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- Trial-and-error approach: performing a series of experiments [12]. Pros: it is 
easy to design the experiment and understand the result. If the results are 
statistically significant, we can confidently make conclusion. Cons: this requires 
large amount of time and material.  Therefore, it is hard to select efficient set of 
parameters and easily face with insufficient data to draw any significant 
conclusions.  
- Design of experiments approach: A well planned set of experiments, in which all 
parameters of interest are altered over a specified range [13]. Pros: it reduces 
the number of experiments ought to give desired results. Cons: It does not easily 
lend itself to understanding of science behind the phenomenon. The analysis is 
not easy and thus effects of various parameters on the observed data are not 
readily apparent. In many cases, particularly those in which optimization is 
required, the method does not point to the best settings of parameters. 
As the advantage of ‘Design of experiment’, there are many suggestions to design 
the experiment such as Randomization, Statistical replication, Blocking, Orthogonality, 
Factorial experiments. Based on these ideas, Dr. Taguchi of Nippon Telephones and 
Telegraph Company, Japan has developed a method based on Orthogonal array 
experiments to reduce "variance" for the experiment with "optimum settings" of 
control parameters. The Taguchi technique helps to decrease the number of trials by 
the design of orthogonal arrays of optimum experimental conditions and it is feasible 
to study the effect of factors and their interactions [14]. Thus, Design of Experiments 
with optimization of control parameters to obtain best results is achieved in the 
Taguchi Method. "Orthogonal Arrays" (OA) provide a set of well balanced (minimum) 
experiments, minimizing the effects of uncontrollable factors and using Signal-to-Noise 
ratios (S/N), which are log functions of desired output, serve as objective functions for 
optimization, help in data analysis and prediction of optimum results (Figure 4-4). In 
Taguchi designs, a criterion is used to determine control factors which decreases 
variability in a process by minimizing the effects of uncontrollable factors. Higher 
values of S/N identify control factor settings that minimize the effects of the noise 
factors. The goal of this experiment is to maximize the response; thus, Larger-the-
better quality characteristics have been used to calculate the signal to noise (S/N) ratio, 
shown in this equation: 
 













Where S/N is the signal to noise ratio which depends on the experimental 
objective, n is the number of response results under same experimental 
condition and y represents the result of measurement. 
 
Figure 4-4 Taguchi optimization function 
As literature survey, because of the variety of main factors deal with geopolymer 
properties, there are no works incorporating all factors affecting to compressive 
strength of these materials. To overcome this discrepancy, a suitable experiment 
design can help to investigate the effects of more parameters simultaneously by the 
minimum experiments. Therefore, the aim of this chapter proposes the suitable 
conditions for using geopolymer modified sludge by concerning the most frequent 
factors resulting in failure strength, failure strain and moist density. Taguchi method 
was used to investigate the effects of more parameters since this systematic approach 
can significantly reduce empirical experiments’ time and costs [9]. Four main 
controlled factors, including geopolymer content (at five levels of 5%, 10%, 15%, 20% 
and 25%), clay content of sludge (at five levels of 0%, 30%, 60%, 70% and 100%), 
initial water content of sludge (at five levels of 40%, 50%, 60%, 70% and 80%) and 
 
- 106 - 
apparent water content of modified sludge (at five levels of 26%, 28%, 30%, 32% and 
34%) were considered. A total number of 25 experiments were conducted according 
to the L25 array proposed by DOE method. Then obtained results were evaluated by 
Signal to Noise Ratio (S/N) derived from the Taguchi approach that can identify the 
control factor settings and minimize the effect of noise on the response. 
 
4.2 Materials 
Five kind of imitated-sludge, alkaline solution, fly ash were used in this chapter.  
• Imitated-sludge 
The chemical composition and grain size distribution were shown in chapter 2, 
and the physical and mechanical properties of imitation sludge are shown in Table 4-1 
Table 4-1 Physical and mechanical properties of all 5 kind of imitation sludge 
Properties 
Values 
Sludge 1 Sludge 2 Sludge 3 Sludge 4 Sludge 5 
Liquid limit, LL (%) NP 42.17 46.08 53.26 57.2 
Fine-grain 
fraction rate (%) 
91.1 91.3 91.5 91.9 92.4 
Clay 
fraction rate (%) 
3.13 5.26 8.05 12.3 15.4 
 
• Fly ash 
In this experiment, same fly ash as shown in chapter 2 was used. 
• Alkaline activator  
Sodium hydroxide and sodium silicate are used at the same molar concentration 
as chapter 2. 
4.3 Experimental procedures 
Permeability of soil is an important parameter for the engineering projects like 
reservoirs, canals, earthen dams, etc... to control the loss of precious water through soil 
by seepage and for the safety of projects. The formal name is hydraulic conductivity, 
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which refers to the ability of a soil to conduct water in geotechnical and geo-
environmental engineering. Many factors affect soil permeability such as cracks and 
holes, and it is difficult to calculate representative values of permeability from actual 
measurements. A good study of soil profiles provides an essential check on such 
measurements. Observations on soil texture, structure, consistency, color, mottling, 
layering, visible pores and depth to impermeable layers such as bedrock and claypan 
form the basis for deciding if permeability measurements are likely to be 
representative [15]. 
The pore-water pressure, whether positive or negative, is an integral component 
of the stress state within the soil and consequently has a direct bearing on the shear 
strength and volume change behavior. In general, the size of the soil pores is of great 
importance with regard to the rate of infiltration (movement of water into the soil) and 
percolation (movement of water through the soil). Pore size and the number of pores 
are closely related to soil texture, structure, and soil permeability.  
- Permeability variation according to soil texture: 
Usually, the finer the soil texture, the slower the permeability, as shown below 
(Table 4-2 and Table 4-3): 
Table 4-2 Relationship between soil texture and permeability 
Soil Texture Permeability 
Clayey soils Fine 





Sandy soils Coarse 
 
Table 4-3 Average permeability for different soil textures  
Soil texture K [cm/hour] 
Sand 5.0 
Sandy loam 2.5 
Loam 1.3 
Clay loam 0.8 
Silty clay 0.25 
Clay 0.05 
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- Permeability variation according to soil structure 
Structure may greatly modify the permeability rates shown above, as follows (Table 
4-4): 
Table 4-4 Relationship between soil structure and permeability  
Structure type Permeability 
Platy 
- Greatly overlapping 
From very slow to very 
rapid 





When soil is in unsaturated state, hydraulic conductivity becomes a function of 
the negative pore-water pressure in the soil. It is a complex processing. As a non-linear 
problem, it is difficult and meaningless to determine the permeability coefficient at 
unsaturated stage of soil. Therefore, experiments were carried out to determine the 
permeability with saturated soil. Figure 4-5 shows a sketch of water going through a 
soil structure. The knowledge of soil permeability is necessary for: 
• Estimating the quantity of underground seepage. 
• Solving problems such as pumping seepage water from construction exaction. 
• Stability analyzing of earth structures and earth retaining walls subjected to 
seepage forces such as earth dam. Figure 4-6 shows paths of seepage through 
embankment dams. 
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Figure 0-5 Sketch of water go through soil structure 
 
Figure 0-6 Paths of seepage through embankment dams [16] 
 
Figure 0-7 Apparatus of permeability 
test  
Soil permeability is measured by hydraulic conductivity (k, cm/s) which is also 
known as permeability coefficient. The permeability coefficient can be determined in 
laboratory. Figure 4-7 is the permeability’s apparatus. Hydraulic conductivity of soils 
depends on several factors, such as: 
• Fluid viscosity. Increasing water temperature causes a significant rise in the 
hydraulic conductivity of the soils.  
• Property of pore water. The soil permeability is changed by changing of soil 
density and also its location below or under the water table. 
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• Void ratio. The increasing in the void ratio increases the area available for the 
flow hence increase the permeability’s soil. 
• Degree of soil saturation. Higher degree of saturation, higher will be the 
permeability. 
The permeability of modified sludge was studied and proposed some results that 
can clarify the importance of many factors on high level of resistance towards cracking 
and increase of permeability [17]. In theory, soil permeability follows Darcy’s Law 
[12][13]. In laboratory, there are two methods to investigate the permeability 
coefficient, which are constant-head and falling head tests. Constant head method is 
used for soil of much permeability and falling head method is used for soil of low 
permeability. The ASTM D2434 and ASTM D5084 standards are applied for testing 
permeability coefficient [14][15]. 
The purposes of this test were to investigate the effects of adding cement and RS 
fibers on permeability coefficient and to modify the optimum functions of RS content 
and cement content with combining effects of strength-strain, durability, and 
permeability target values. Furthermore, an empirical function was withdrawn to 
estimate the permeability coefficient. 
4.3.1 Permeability procedures 
Imitated sludge, fly ash, and alkaline solution were applied. Figure 4-8 shows 
testing procedure and described as follows.  
• Mixing the imitation sludge with fly ash and alkaline solution to make 
modified-sludge and cure it at 20 ± 30C until it reaches the target for apparent 
water content. 
• Make specimens (5cm in diameter and 5.1cm in height) by compaction 
method. The specimens were compacted with four layers (5 times for the first 
layer, 10 times for the second layer, 10 times for the third layer, and 20 times 
for the final layer), then cure the specimens for 7 days at 20 ± 30C. 
• Soak the specimens in water for 1 day at 20 ± 30C. Measure temperature of 
the water which are going to use for the test. 
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• Carry out the falling head test.  
Mixing to make 
imitated sludge
Curing at 20 ± 30C
3 days
Making specimen












Figure 0-8 Permeability testing procedure 
According to Darcy’s law, the permeability coefficient at 150C, K15, is bellowed 













Where A: cross sectional area of sample, L: length of sample, a: cross sectional 
area of scale tube, t: experimental time, h1,2: water head before and after t time. 
Table 0-5 ƞT/ ƞ15 coefficient 
T (0C) 0 1 2 3 4 5 6 7 8 9 
0 1.575 1.521 1.470 1.424 1.378 1.336 1.295 1.255 1.217 1.181 
10 1.149 1.116 1.085 1.055 1.027 1.000 0.975 0.950 0.925 0.925 
20 0.880 0.859 0.839 0.819 0.800 0.782 0.764 0.748 0.731 0.715 
30 0.700 0.685 0.671 0.657 0.645 0.632 0.620 0.607 0.596 0.584 
40 0.574 0.564 0.554 0.544 0.535 0.525 0.517 0.507 0.498 0.490 
 
4.3.2 Design of experiment 
Four main factors for the Taguchi experimental design were: “geopolymer 
content”, “clay content”, “initial water content”, “apparent water content” while each 
implemented at five different levels. The variation levels of each parameter has been 
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T1 5 0 40 26 
T2 5 30 50 28 
T3 5 60 60 30 
T4 5 70 70 32 
T5 5 100 80 34 
T6 10 0 50 30 
T7 10 30 60 32 
T8 10 60 70 34 
T9 10 70 80 26 
T10 10 100 40 28 
T11 15 0 60 34 
T12 15 30 70 26 
T13 15 60 80 28 
T14 15 70 40 30 
T15 15 100 50 32 
T16 20 0 70 28 
T17 20 30 80 30 
T18 20 60 40 32 
T19 20 70 50 34 
T20 20 100 60 26 
T21 25 0 80 32 
T22 25 30 40 34 
T23 25 60 50 26 
T24 25 70 60 28 
T25 25 100 70 30 
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Table 4-7 The introduced levels for each factor in experiment design 




5 10 15 20 25 








26 28 30 32 34 
 
presented in Table 4-7. The L25 array is designed (Table 4-6) that is suggested by 
Taguchi method for four factors of five levels. 
 
4.4 Results and discussions 
4.4.1 Failure strength 
Figure 4-9 shows the experiment result of failure strength of modified sludge 
after 7 days curing. Table 4-8 indicates the response table of input factors on the failure 
strength of modified sludge after 7 days curing. According to this result, geopolymer 
content is the most influent factor on the failure strength of modified sludge. In 
contrast, the alternation of apparent water content effects less than other factors. 
It’s clearly to see that the increasing the geopolymer content resulted in the 
improvement of failure, meanwhile, the upward of initial water content shows 
the opposite tendency (Figure 4-9). The failure strength of modified sludge went up 
when the clay content changed from 0% to 60%. Then, as the clay content is higher 
than 60% up to 100%, the failure strength of modified sludge declined. The reason 
is that the particle size of clay is the smallest compared to particle size of fly ash and 
silt. If the amount of clay is high enough, it could fulfil the porous inside the structure 
of modified sludge. However, too much clay content could reduce the larger size 
particle, that is mainly loaded the compressive strength. The influence of apparent 
water content does not clearly cause less impact on the failure strength performance. 
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Figure 4-9 Failure strength of geopolymer modified sludge specimens according to experiment 
mixture design 
 
Table 4-8 Response Table for Signal to Noise Ratio of Failure strength 
Level Geopolymer 
content [%] 




1 45.99 46.39 49.79 47.70 
2 46.79 47.38 48.53 48.23 
3 47.33 50.15 47.98 48.13 
4 48.41 48.72 47.15 47.44 
5 51.08 46.95 46.14 48.10 
Delta 5.10 3.76 3.65 0.79 
Rank 1 2 3 4 
 
 
4.4.2 Failure strain 
Figure 4-10 and Table 4-9 shows the failure strain of modified sludge after 7 days 
and contribution level of each factor evaluated by S/N ratio on this characteristic, 
respectively. As the result in table 6, the most effect variable on the failure strain of 
modified sludge is the apparent water content, meanwhile, the geopolymer content 
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from 26% to 34% could increase the failure strain of modified sludge leading to the 
high water reflecting on the flexible of specimen. However, elevating the initial water 
content in parallel with the initial curing time leads to the drop of strain performance. 
As mentioned above, higher of clay content could not only reduce the porosity but also 
improve the transfer loading stress capacity of modified sludge. However, as the clay 
content is over than 70%, this phenomenon is less effective. Furthermore, the failure 
strain of modified sludge declined as geopolymer content rises from 5% to 15% and 
overturned when geopolymer content continued from 15% to 25%. 
 
Figure 4-10 Failure strain of geopolymer modified sludge specimens according to experiment 
mixture design 
Table 4-9 Response Table for Signal to Noise Ratio of Failure strain 
Level Geopolymer 
content [%] 




1 7.23 -0.07 7.72 -1.36 
2 3.70 1.72 6.93 1.23 
3 1.30 7.21 5.84 6.13 
4 5.90 9.63 3.84 7.23 
5 6.43 6.07 0.24 11.32 
Delta 5.93 9.70 7.48 12.68 
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4.4.3 Moist density  
 
Figure 4-11 Moist density of geopolymer modified sludge specimens according to experiment 
mixture design 
 
Table 4-10 Response Table for Signal to Noise Ratio of Moist density 
Level Geopolymer 
content [%] 




1 64.38 63.45 64.38 63.78 
2 64.16 64.12 64.39 64.31 
3 64.21 64.53 64.54 64.45 
4 64.25 64.67 64.26 64.54 
5 64.62 64.85 64.05 64.55 
Delta 0.46 1.40 0.49 0.77 
Rank 4 1 3 2 
 
The experiment results of moist density are showed in Figure 4-11. The S/N ratio 
base proves that clay content is the most contributed factor on the moist density of 
modified sludge due to its size as well as the surface area of clay particle (Table 4-10). 
In addition, the increasing of apparent water content from 26% to 34% (Figure 4-11) 



























































































- 117 - 
particles throughout the compaction process. Furthermore, Table 4-10 also reveals 
that the contribution of geopolymer content and initial water content on the moist 
density of modified sludge was similar and lower than other factors. Meanwhile the 
moist density decreased as the geopolymer content changed from 5% to 10% and 
reversed at 10% to 25%. Similarly, with the initial water content from 40% to 60%, 
moist density elevated then dropped back if the water level rose from 60% to 80%. 
4.4.4 Permeability  
 
Figure 4-12 Permeability of geopolymer modified sludge specimens according to experiment 
mixture design 
Table 4-11 Response Table for Signal to Noise Ratio of Permeability 
Level Geopolymer 
content [%] 




1 134.5 102.5 125.1 113.5 
2 122.3 122.4 125.1 120.9 
3 120.9 126.4 125.0 125.2 
4 120.1 131.7 123.8 125.9 
5 117.9 132.6 116.6 130.1 
Delta 16.6 30.1 8.4 16.7 
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The experiment results of permeability and the important of each feature by S/N 
ratio are presented in Figure 4-12 and Table 4-11 respectively. The S/N ratio indicated 
that the clay content did not prominently contribute to only the moist density but also 
to the permeability of modified sludge. The increasing the geopolymer content pushed 
the permeability level down but it turned around from level 3.  The apparent water 
content shows the same role improving condensation, while on the other hand, reduces 
the porosity of modified sludge.  The effect of geopolymer content and initial water 
content on the hydraulic conductivity are quite similar.  
4.4.5 Regression Analysis 
Linear regression is a basic and the most commonly used type of predictive 
analysis.  “Regression” represents a set of statistical processes to estimate the 
relationship. Linear regression means the line (or a more complex linear combination 
called multiple linear regression) that most closely fits the data according to a specific 
mathematical criterion[18]. This also shows the relationship between a dependent 
variable (often called the 'outcome variable') and one or more independent variables 
(often called 'predictors', 'covariates', or 'features'). In short, ordinary least squares 
method computes the unique line that minimizes the sum of squared distances 
between the true data and that line (or hyperplane). Less common forms of regression 
use slightly different procedures to estimate alternative location parameters (e.g., 
quantile regression or Necessary Condition Analysis) or estimate the conditional 
expectation across a broader collection of non-linear models (e.g., nonparametric 
regression) [19]. 
The method of least squares was announced by Legendre in 1805 [20] and 
by Gauss in 1809 [21] to the problem of determining the orbits of bodies about the Sun 
(mostly comets, but also later the then newly discovered minor planets).  The term 
"regression" was coined by Francis Galton in the nineteenth century to describe the 
heights of descendants of tall ancestors tend to regress down towards a normal 
average (a phenomenon also known as regression toward the mean) [22, 23]. Later 
then, Fisher and Karl Pearson consolidated the theory of “regression” to general 
statistical context by assuming the joint distribution of the response and explanatory 
variables similarly to Gauss's formulation [24-26].  
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ℎ(𝑥, 𝑦) =  
1
















Before 1970, it sometimes took up to 24 hours to receive the result from one 
regression [27]. For the development of socialization, regression analysis methods 
continue to be developed for robust regression involving correlated responses such 
as time series and growth curves. Furthermore, regression methods accommodates 
various types including nonparametric, Bayesian methods, regression in which the 
predictor variables are measured with error, regression with more predictor variables 
than observations, and causal inference with regression [28].  
This relationship between the true (but unobserved) underlying parameters α 
and β and the data points is called a linear regression model. The simple function of 
linear regression is: 
𝑦 =  𝛼 +  𝛽𝑥 
which describes a line with slope β and y-intercept α. In general such a 
relationship may not hold exactly for the largely unobserved population of values of 
the independent and dependent variables; we call the unobserved deviations from the 
above equation the errors. Suppose we observe n data pairs and call them {(xi, yi), i = 
1, ..., n}. We can describe the underlying relationship between yi and xi involving this 
error term εi by 
𝑦𝑖 =  𝛼 +  𝛽𝑥𝑖 +  𝜀𝑖 
In multiple linear regression, there are several independent variables or 
functions of independent variables. 
𝑦𝑖 =  𝛽0 +  𝛽1𝑥𝑖 1 + 𝛽2𝑥𝑖 2+. . . . + 𝛽𝑝𝑥𝑖 𝑝 + 𝜀𝑖 
where, for i is the single observation in n observations:  yi is dependent variable, xi 
is explanatory variables, β0 is the different of y and intercept (constant 
term), βp is slope coefficients for each explanatory variable and ϵ is the 
model’s error term (also known as the residuals).  
In this research, linear regression and multi linear regression were applied and 
analysis the role of each factor by Analysis of Variance method or ANOVA for short. 
 
- 120 - 
ANOVA is a statistical model used to determine whether there are any statistically 
significant differences between the means of three or more independent groups. 
ANOVA developed by statistician and evolutionary biologist Ronald Fisher based on 
the law of total variance, where the observed variance in a particular variable is 
partitioned into components attributable to different sources of variation. In its 
simplest form, ANOVA provides a statistical test of whether two or more population 
means are equal, and therefore generalizes the t-test beyond two means. There are 
many types of ANOVA analysis such as One-Way ANOVA, Two-Way ANOVA, MANOVA, 
and Factorial ANOVA. Factorial ANOVA was the one to be applied in this study, which 
tests with more than one independent variables, or “factors”. Moreover, some 
annotations were used in this research 
• Degrees of freedom (DF): Indicates the number of independent elements in the 
sum of squares. The degrees of freedom for each component of the model are 
(Table 4-12): 
Table 4-12 Degrees of freedom 
 
• Sum of Squares (SS): The sum of squared distances. SS Total is the total variation 
in the data. SS Factor is the deviation of the estimated factor level mean around 
the overall mean. It is also known as the sum of squares between treatments. SS 
Error is the deviation of an observation from its corresponding factor level mean. 
It is also known as error within treatments (Table 4-13). 
Table 4-13 Sum of Squares 
 
DF Factor = r – 1 
nT: total number observations 
r: number of factor levels 
DF Error = nT – r 
Total = nT – 1 
SS Factor = ∑ 𝑛𝑖(𝑦?̅? − ?̅?)
2 
y̅i: mean of the observations at the i th factor level 
y̅:  mean of all observations 
yij :  value of the j th observation at the i th factor level 
SS Error = ∑ ∑ (𝑦𝑖𝑗 −𝑗𝑖 𝑦?̅?)
2 
Total = ∑ ∑ (𝑦𝑖𝑗 −𝑗𝑖 ?̅?)
2 
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• Mean squares (MS) (Table 4-14) 
Table 4-14 Mean squares 
MS Factor =  
𝑆𝑆 𝐹𝑎𝑐𝑡𝑜𝑟
𝐷𝐹 𝐹𝑎𝑐𝑡𝑜𝑟
 MS: Mean Square 
SS: Sum of Square 




•  F-value: The degrees of freedom for the numerator are r – 1. The degrees of 
freedom for the denominator are nT – r (Table 4-15). 
Table 4-15 F-value 




nT: total number observations 
r: number of factor levels 
• Metric to measure the performance of regression analysis model (Table 4-16): 
Table 4-16 Metrics 




SS: sum of squares 
MS: Sum of Squares 
DF: Degrees of Freedom 
yi:  ith observed response value 
y̅:  mean response 
n: number of observations 
ei: ith residual 
hi: ith diagonal element of X(XTX)-1XT 
X: design matrix 
𝑅𝑠𝑞(𝑎𝑑𝑗) =  1 −
𝑀𝑆 𝐸𝑟𝑟𝑜𝑟
𝑆𝑆 𝑇𝑜𝑡𝑎𝑙 𝐷𝐹 𝑇𝑜𝑡𝑎𝑙⁄
 











• Factor analysis (Table 4-17) 
Table 4-17 Equation annotation  
G content [%] 
A 
Ratio of clay: 
B 
Initial water content [%]: 
C 
Apparent water content [%]: 
D 
o Failure strength 
- Linear equation:  
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           Regression equation:  
Failure strength [kN/m2] = 329 + 8.08 A+ 45.6 B - 2.836 C - 1.39 D      (4.1) 
 
Table 4-18 Linear equation summary of failure strength with entire features 
 
Linear regression model for prediction failure strength of modified sludge show 
the correction is about 60% (Table 4-18). The different between R-sq and R-sq (pred) 
is so high, meaning the model overfit the data. Table 4-19 shows the ANOVA analysis 
of failure strength with given feature. Feature B and D have p-value higher than 0.05, 
therefore, these features were not imported into model. The elimination was 
conducted to reduce the overfitting. The result was shown below 
Table 4-19 ANOVA of failure strength of linear equation with entire features  
Source DF SS (adj) MS (adj) F-value 
P-value 
Regression 4 128394 32098.4 7.47 
0.001 
A 1 81667 8166.9 19.01 
0.000 
B 1 6112 6112.4 1.42 
0.247 
C 1 40226 40225.7 9.36 
0.006 
D 1 389 388.6 0.09 
0.767 
Error 20 85940 4297.0  
 
Total 24 214333   
 
            
Regression equation:  
           Failure strength [kN/m2] = 310.8 + 8.08 × A - 2.836 × C                 (4.2) 
 
Table 4-20 Linear equation summary of failure strength with eliminating redundant features 
S R-sq R-sq (adj) 
R-sq (pred) 
65.5514 59.90% 51.88% 
37.03% 
S R-sq R-sq (adj) 
R-sq (pred) 
64.8217 56.87% 52.95% 
44.4% 
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a) Predicted value vs measured value (Equation 4.1) 
 
b) Predicted value vs measured value (Equation 4.2) 
Figure 4-13 The distribution of predicted value vs measured value of failure strength by linear model  
 
After removing less important features from the model, the accuracy slightly 
declined but the R-sq (pred) increased significantly (Table 4-20). The model was able 
to use for predicting the failure strength. On the other hand, it also showed that without 
quadratic term, the geopolymer content and initial water content has strong influence 
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- Quadratic equation:  
Regression equation:  
Failure strength [kN/m2] = 514 + 48.6×A + 4.02×B – 20.86×C – 8.6×D + 0.765×A2  
+ 0.0267×B2 + 0.198×C2 + 0.72×D2 + 0.17×AB – 0.198×AC – 2.065×AD – 0.0511×BC – 
0.0366×BD                                                                                                                                    (4.3) 
Quadratic regression model showed 92.03% accuracy in predicting failure 
strength of modified sludge (Table 4-21). The different between R-sq and R-sq (pred) 
once again proved that model is overfit. Table 4-22 shows the ANOVA analysis of failure 
strength with given feature. The feature with p-value higher than 0.05 was removed to 
reduce the overfitting.  




Table 4-22 ANOVA of failure strength of quadratic equation with entire features  
Source DF SS (adj) MS (adj) F-value 
P-value 
Regression 13 197242 15172.5 9.76 
0.000 
A 1 12273 12273.1 7.9 
0.017 
B 1 2790 2789.6 1.8 
0.207 
C 1 9539 9538.7 6.14 
0.031 
D 1 15 15.1 0.01 
0.923 
A2 1 5048 5047.8 3.25 
0.099 
B2 1 4430 4430.1 2.85 
0.119 
C2 1 4804 4803.7 3.09 
0.106 
D2 1 365 365.5 0.24 
0.637 
AB 1 1347 1346.9 0.87 
0.372 
AC 1 410 410.1 0.26 
0.618 
AD 1 18098 18097.8 11.65 
0.006 
BC 1 501 501.2 0.32 
0.581 
BD 1 230 229.9 0.15 
0.708 
S R-sq R-sq (adj) 
R-sq (pred) 
39.418 92.03% 82.60% 
50.28% 
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Error 11 17092 1553.8  
 
Total 24 214333   
 
Regression equation:  
 
 





a) Predicted value vs measured value (Equation 4.3) 
 
b) Predicted value vs measured value (Equation 4.4) 
















































S R-sq R-sq (adj) 
R-sq (pred) 




] =   1921 + 25.51 × A + 400.8 × B - 28.81 × C - 64.3 × D 
                                          - 390.8 × B
2
 - 0.257 A × C+ 0.994 C × D                                      (4.4) 
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Now, the R-sq (pred) increased significantly. The quadratic model proved to have 
higher accuracy than linear model, 88.95% and 73.61% in R-sq and R-sq (pred) 
compared to 56.87% and 44.4% (Table 4-23 and Figure 4-14). Quadratic model can be 
use in real site to estimate the failure strength of modified sludge. 
o Failure strain 
- Linear equation:  
           Regression equation:  
Failure strain [%] = -8.08 + 0.0154×A + 0.01573×B - 0.0444×C+ 0.4019×D (4.5) 
Table 4-24 Linear equation summary of failure strain with entire features 
 
 
Table 4-25 ANOVA of failure strain of linear equation with entire features  
Source DF SS (adj) MS (adj) F-value 
P-value 
Regression 4 49.7137 12.4284 8.65 
0.000 
A 1 0.2966 0.2966 0.21 
0.654 
B 1 7.2733 7.2733 50.06 
0.036 
C 1 9.8416 9.8416 6.85 
0.017 
D 1 32.3023 32.3023 22.48 
0.000 
Error 20 28.7352 1.4368  
 
Total 24 78.4490   
 
Linear regression model demonstrated 63.37% accuracy (Table 4-24). The 
different between R-sq and R-sq (pred) is around 20%, therefore model is overfitting 
the data. Table 4-25 shows the ANOVA analysis of failure strength with given feature. 
Feature A has p-value higher than 0.05, therefore, Geopolymer content is the feature 
that lead to the overfitting the actual value. The elimination was conducted to reduce 
the overfitting. The result was shown below        
  Regression equation:  
Failure strain [%] = -7.85 + 1.573 × B - 0.0444 × C + 0.4019 × D  (4.6) 
 
S R-sq R-sq (adj) 
R-sq (pred) 
1.19865 63.37% 56.04% 
42.20% 
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Table 4-26 Linear equation summary of failure strain with eliminating redundant features 
 
a) Predicted value vs measured value (Equation 4.5) 
 
b) Predicted value vs measured value (Equation 4.6) 
Figure 4-15 The distribution of residual of predicted value of failure strain by linear model  
 
There was not much change in R-sq (pred) (Table 4-26). The model was not good 






















































S R-sq R-sq (adj) 
R-sq (pred) 
1.17578 62.99% 57.71% 
47.12% 
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further application, adding quadratic term is necessary. The analysis of model with 
quadratic term are below 
- Quadratic equation:  
 








Table 4-28 ANOVA of failure strain of quadratic equation with entire features  
Source DF SS (adj) MS (adj) F-value 
P-value 
Regression 13 70.6043 5.43110 7.62 
0.001 
A 1 3.0468 3.04676 4.27 
0.063 
B 1 0.2577 0.25769 0.36 
0.560 
C 1 3.2813 3.28129 4.60 
0.055 
D 1 0.0978 0.09782 0.14 
0.718 
A2 1 0.2007 0.20065 0.28 
0.606 
B2 1 1.0605 1.06047 1.49 
0.248 
C2 1 1.4565 1.45653 2.04 
0.181 
D2 1 0.2253 0.2253 0.32 
0.585 
AB 1 0.2556 0.25565 0.36 
0.561 
AC 1 0.1442 0.14417 0.2 
0.662 
AD 1 4.8714 4.87141 6.83 
0.024 
BC 1 0.1102 0.11019 0.15 
0.702 
BD 1 1.4747 1.47472 2.07 
0.178 
Error 11 17092 1553.8  
 
S R-sq R-sq (adj) 
R-sq (pred) 
0.844482 92.00% 78.18% 
38.69% 
Failure strain [%] = -15.5 - 0.766×A - 0.0386×B + 0.387×C + 0.69×D + 0.00483×A2 
- 0.000414×B2 - 0.00344×C2 - 0.0178×D2 - 0.00234×AB - 0.00372×AC + 0.0339×AD 
+ 0.00076×BC + 0.00293×BD                                                                            (4.7) 
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Total 24 214333   
 
 
By adding the quadratic term model in regression model, the accuracy of 
prediction failure strain of modified sludge increased up to 90% (Table 4-27). However, 
the huge different between R-sq and R-sq (pred) revealed that model was extremely 
overfitting the data. Table 4-28 shows the ANOVA analysis of failure strain with feature 
having p-value higher than 0.05 was removed.  
Regression equation:  
 
 
Table 4-29 Quadratic equation summary of failure strain with eliminating redundant features 
 
 
























S R-sq R-sq (adj) 
R-sq (pred) 
0.993282 78.62% 69.82% 
60.17% 
Failure strain [%] =   - 2.24 - 0.309 × A + 3.13 × B - 0.0739 × C + 0.231 × D  
                          - 5.47 × B2 + 0.0114 × AD + 0.0677 × BC                                 (4.8) 
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b) Predicted value vs measured value (Equation 4.8) 
Figure 4-16 The distribution of residual of predicted value of failure strain by quadratic model  
As expected, the R-sq (pred) rose significantly (Table 4-29). The model proves 
the fact that the interaction between each factor together can help model to estimate 
better the result than just using the factor itself.  Figure 4-16 shows the distribution of 
residual of difference between predicted value and real value.  The residual distributed 
evenly around the 0, it means that the model can estimate well the real value in the 
interval ± 1. 
o Moist density 
- Linear equation:  
           Regression equation:  
Moist density [kg/m3] = 1103 + 1.82×A + 2.617×B - 1.62×C + 16.02×D    (4.9) 
 




Table 4-31 ANOVA of moist density of linear equation with entire features  





























S R-sq R-sq (adj) 
R-sq (pred) 
72.3464 72.06% 66.47% 
55.23% 
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Regression 4 270003 67501 12.9 
0.000 
A 1 4148 4148 0.79 
0.384 
B 1 201392 201392 38.48 
0.000 
C 1 13143 13143 2.51 
0.129 
D 1 51319 51319 9.81 
0.005 
Error 20 104680 5234  
 
Total 24 374683   
 
 
Linear regression model’s accuracy was 72.06% with 20% different between R-
sq and R-sq (pred) (Table 4-30). Table 4-31 shows the ANOVA analysis of moist density 
with given feature. Feature A and feature C have p-value higher than 0.05, therefore, 
Geopolymer content and Initial water content are the features that lead to the 
overfitting the actual value. The elimination was conducted to reduce the overfitting. 
The new model was shown below            
 
Regression equation:  
Moist density [kg/m3] = 1033 + 261.7 × B + 16.02 × D          (4.10) 
 
After eliminating feature, A and C, the model had hgiher R-sq (pred). In addition, 
the value of R-sq and R-sq (pred) is relatively close (67.45% versus 58.91%), indicating 
that the linear regression model can estimate the value of moist density with high 
reliability (Table 4-32). The Figure 4-17 also shows that the residual distributing 
normally around 0 convincing the high performance of model.  To achieve more 
correction as well as the apply for further application, adding quadratic term is 
required. The analysis of model with quadratic term are explained below 
 
Table 4-32 Linear equation summary of moist density with eliminating redundant features 
S R-sq R-sq (adj) 
R-sq (pred) 
74.4592 67.45% 64.49% 
58.91% 
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a) Predicted value vs measured value (Equation 4.9) 
 
b) Predicted value vs measured value (Equation 4.10) 
Figure 4-17 The distribution of residual of predicted value of moist density by linear model  
 
- Quadratic equation:  















































Moist density [kg/m3] = -2329 + 20.9×A + 11.19×B + 7.78×C + 212.9×D + 0.635×A2 
- 0.0271×B2 - 0.1328×C2 - 2.87×D2 - 0.197×AB + 0.232×AC - 1.400×AD + 0.0206×BC 
- 0.1417×BD                                                                                                                       (4.11) 
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Table 4-34 ANOVA of moist density of quadratic equation with entire features  
Source DF SS (adj) MS (adj) F-value 
P-value 
Regression 13 361715 27824.2 23.60 
0.000 
A 1 2262 2262.3 1.92 
0.193 
B 1 21655 21654.5 18.37 
0.001 
C 1 1326 1326.5 1.13 
0.312 
D 1 9358 9358.4 7.94 
0.017 
A2 1 3476 3476.3 2.95 
0.114 
B2 1 4567 4567.2 3.87 
0.075 
C2 1 2166 2165.9 1.84 
0.202 
D2 1 5824 5824.1 4.94 
0.048 
AB 1 1807 1806.7 1.53 
0.242 
AC 1 561 561.2 0.48 
0.505 
AD 1 8317 8317 7.05 
0.022 
BC 1 82 81.8 0.07 
0.797 
BD 1 3439 3439.2 2.92 
0.116 
Error 11 12968 1178.9  
 
Total 24 374683   
 
 
By adding the quadratic term model in regression model, the accuracy of 
prediction moist density of modified sludge increased up to 96.54% (Table 4-33). 
However, the high different between R-sq and R-sq (pred) is proving that model is 
likely overfitting the data. Table 4-34 shows the ANOVA analysis of moist density with 
given feature. The feature with p-value higher than 0.05 was removed to reduce the 
overfitting.  
S R-sq R-sq (adj) 
R-sq (pred) 
34.3357 96.54% 92.45% 
81.00% 
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Regression equation:  
 
Table 4-33. Quadratic equation summary of failure strength with entire features 
Table 4-35 Quadratic equation summary of moist density with eliminating redundant features 
 
a) Predicted value vs measured value (Equation 4.11) 
 
b) Predicted value vs measured value (Equation 4.12) 













































S R-sq R-sq (adj) 
R-sq (pred) 
39.3789 93.79% 90.07% 
82.92% 
Moist density [kg/m3] = -2782 - 8.64 × A+ 721.9 × B + 22.12 × C + 237.4 × D + 0.667 × A2 
- 188.4 × B2 - 0.2078 × C2 - 3.79 × D2 - 18.35 × AB                                                   (4.12) 
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After reduction the less important feature from the model, there was a slight 
decline in R-sq (pred) (Table 4-35). The model proved the expecting fact that the 
quadratic term can improve the accuracy of model by considering the interaction 
between each factor. The model of regression for moist density have quite high of R-sq 
and R-sq (pred), therefore, it can be used to estimate the moist density of modified 
sludge with geopolymer if we know the specify value of each factor including in the 
model (Figure 4-18). 
o Permeability 
- Linear equation:  
 
           Regression equation:  
Table 4-36 Linear equation summary of permeability with entire features 
 
Table 4-37 ANOVA of permeability of linear equation with entire features  
Source DF SS (adj) MS (adj) F-value 
P-value 
Regression 4 0.000002 0.000002 4.01 
0.015 
A 1 0.000001 0.000001 0.01 
0.915 
B 1 0.000001 0.000001 13.37 
0.002 
C 1 0.000001 0.000001 0.20 
0.660 
D 1 0.000001 0.000001 2.45 
0.133 
Error 20 0.000001 0.000001  
 
Total 24 0.000001   
 
 
Linear regression model for prediction permeability of modified sludge show the 
accuracy is extremely low 44.05% (Table 4-36). The R-sq (pred) is 0%, therefore model 
is overfitting the data. Table 4-37 shows the ANOVA analysis of permeability with given 
feature. Feature A, feature C and feature D have p-value higher than 0.05, therefore, 
S R-sq R-sq (adj) 
R-sq (pred) 
0.0000046 44.50% 33.40% 
0.00% 
Permeability [cm/s] =0.000021 + 0.00000014 A- 0.0000001 B + 0.00000028 C    
- 0.000001 D                                                                                                       (4.13) 
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Geopolymer content, Initial water content and apparent water content are the features 
that lead to the overfitting the actual value. The elimination was conducted to reduce 
the overfitting. The new model was shown below            
Regression equation:  
 
 
R-sq (pred) moderately increased. The linear regression model seems to hardly 
estimate the permeability. This might be due to the limitation of apparatus to measure 
the low permeability of modified sludge, that led to the difficulty of modeling the effect 
of all factor on the final result (Table 4-38). The figure 4-19 also shows that the residual 
distributed abnormally.  To achieve more correction as well as the apply for further 
application, adding quadratic term is required.  
 
Table 4-38 Linear equation summary of permeability with eliminating redundant features 
 
 
























S R-sq R-sq (adj) 
R-sq (pred) 
0.0000045 37.11% 34.38% 
19.32% 
           Permeability [cm/s] = 0.000008 - 0.0000001 D                         (4.14) 
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b) Predicted value vs measured value (Equation 4.14) 
Figure 4-19 The distribution of residual of predicted value of permeability by linear model  
 
- Quadratic equation:  
 





By adding the quadratic term model in regression model, the accuracy of 
prediction moist density of modified sludge increased up to 84.44% (Table 4-39). 
However, R-sq (pred) is 0. Table 4-40 shows the ANOVA analysis. Most of the quadratic 
term adding in the model have high p-value, therefore, the eliminating those features 
are necessary. 
 


























S R-sq R-sq (adj) 
R-sq (pred) 
0.0000033 84.44% 66.05% 
0.00% 
Permeability [cm/s] = 0.000252 - -0.0000022×A - -0.0000006×B - -0.00000088×C -
0.0000127D + 0.000000032×A2 + 0.0000000017×B2 + 0.0000000088×C2 
+ 0.000000186×D2 + 0.0000000042×AB + 0.0000000055×AC + 0.000000023×AD -
0.0000000036×BC + 0.000000017×BD                             (4.15) 
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Table 4-40 ANOVA of permeability of quadratic equation with entire features  
Source DF SS (adj) MS (adj) F-value 
P-value 
Regression 13 0.000001 
0.000001 4.59 0.008 
A 1 
0.000001 0.000001 2.44 0.146 
B 1 
0.000001 0.000001 6.58 0.026 
C 1 
0.000001 0.000001 1.65 0.226 
D 1 
0.000001 0.000001 3.18 0.102 
A2 1 
0.000001 0.000001 0.87 0.371 
B2 1 
0.000001 0.000001 1.88 0.198 
C2 1 
0.000001 0.000001 0.92 0.359 
D2 1 
0.000001 0.000001 2.34 0.155 
AB 1 
0.000001 0.000001 0.08 0.784 
AC 1 
0.000001 0.000001 0.03 0.863 
AD 1 
0.000001 0.000001 0.22 0.648 
BC 1 
0.000001 0.000001 0.24 0.631 
BD 1 
0.000001 0.000001 5.04 0.046 
Error 11 
0.000001 0.000001   
Total 24 
0.000001    
 




Table 4-41 Quadratic equation summary of permeability with eliminating redundant features 
 
S R-sq R-sq (adj) 
R-sq (pred) 
0.0000038 64.52% 52.70% 
2.53% 
Permeability [cm/s] = 0.0000592 - 0.00000109×A - 0.00000065×B - 0.00000027×C 
- 0.0000013×D+ 0.0000002×AC+ 0.000000019×BD                                                                                  (4.16) 
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a) Predicted value vs measured value (Equation 4.15) 
 
 
b) Predicted value vs measured value (Equation 4.16) 
Figure 4-20 The distribution of residual of predicted value of permeability by quadratic model  
 
After reduction less important features, R-sq (pred) slightly rose (Table 4-41). 
Figure 4-20 showed the distribution of residual of predicted value of permeability and 
real result. It clearly indicated that there were 3 outliers leading to the underfitting the 
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of low permeability material is the main reason. Therefore, the regression model 
cannot use to estimate the permeability of modified sludge. To improve the result, the 
new procedure to measure the low permeability should be considered in the future. 
4.5 Conclusions 
This study was conducted to investigated the role of several factors on the 
characteristic of geopolymer modified sludge with the application of Taguchi method 
to design the experimental condition and analysis the results. Based on the results from 
this experimental research, the following conclusions have been drawn: 
• The decrease level of factor that contributes to the failure strength of modified 
sludge is geopolymer content, clay content, initial water content and apparent 
water content. Meanwhile the increasing of geopolymer content is increasing 
the failure strength of modified sludge, the increasing of initial water content 
shows the opposite tendency. The clay content up to 60% increases the failure 
strength, over than that, the failure strength is decreased. 
• The decrease level of factor that contributes to the failure strain of modified 
sludge is apparent water content, clay content, initial water content and 
geopolymer content. The apparent water content and initial water content 
shows the contradictory of influence. The increase of clay content led to the 
improvement of failure strain given the values is less than 70%. The geopolymer 
content from 5% to 15% hindered the failure strain but from 15% to 25%, it 
pushed up the failure strain. 
• The factors contributing to the moist density of modified sludge are clay content, 
apparent water content, initial water content, and geopolymer content. The 
geopolymer content and initial water content shows the contradictory of 
influence. The elevation of geopolymer content at 10% also boosted the moist 
density. 40% to 60% of initial water content inclined the moist density while 
from 60% to 80% level, the moist density dropped. 
• Clay content, apparent water content, geopolymer content, and initial water 
content are the factors affecting the permeability of modified sludge. The value 
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of permeability was small therefore, another experiment will be considered to 
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5.1 Introduction 
5.1.1 Liquified stabilized soil method 
Recently, the surplus clayey soils generated from construction sites and dredged 
mud from harbors is become one of the serious geo-environmental problems because 
of the shortage in reclamation area around large city and the explosion of development 
infrastructure. The recycling process is extremely slow but reusable excavated soil is 
still dumped at reclamation sites while a large amount of new sand is developed from 
natural resource. In average, the residual life of the landfill sites is existed 13.6 years in 
Japan, particularly 4.3 years in Tokyo metropolitan area and 14.0 years in Kansai 
region. Furthermore, the demands of construction filling material such as decomposed 
granite or sandy soils are increasing significantly because the explosion of construction 
project and the natural resources are gradually depleted. Therefore, an effective 
technique to use waste clayey soils as construction fill material is strongly focused to 
develop.  
"Liquefied Stabilized Soil" (LSS) [1] is one of the stabilized soil methods, used in 
improving the soft soil including excavated soil through utilizing cementitious material. 
The LSS can be carried to long distance by pump and filled to empty space by adjusting 
the appropriate flow of soft muddy soil with high moisture content. The mixture cannot 
Chapter 5 
 
Liquified stabilized soil method using 
paper sludge ash-based geopolymer 
with paper debris and modeling by 
Automated machine learning algorithm 
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be compacted but can be used to fill spaces closely due to its liquidity; strength can be 
developed after hardening, like placing concrete into a form. They are decided 
according to the purpose of the site and produced through a proper mixing proportion 
after a certain combination of soil tests [2]. The level of strength of LSS is designed 
depending on the technical requirement of construction project, the range of strength 
last from the strength that hand can excavate to the strength of lean mixture concrete. 
The reuse of by-products or wastes produced in any industrial process is a high 
priority today. The paper industry is one of the better sectors to get environmental 
objectives since the raw materials are renewable, its products and wastes are 
recyclable and the production processes are capable of technological improvements to 
protect the environment[3]. Paper and paper board are composed of pulp fibers and 
some inorganic fine particles, which are used as paper fillers and coating pigments in 
papermaking and coating processes, respectively. Paper and paper board production 
is now about 31 million tons per year in Japan, and about 60% of paper and paper 
board used is recycled and reused as secondary fibers in papermaking. On the other 
hand, some pulp fractions and inorganic fine particles, which cannot be retained in 
paper or are rejected during recycling, transfer to paper sludge fractions by simple 
mechanical separation or coagulation treatments followed by sedimentation of 
suspended solids in effluents. Paper sludge also comes from deinking processes, in 
which ink fractions, deinking reagents, and extraneous materials are present[4]. 
Normally, the paper sludge was incinerated to become Paper sludge ash (PSA) to 
minimize the adverse impacts for the environment as well as reduce the requirement 
of deposited place. 
Under a controlled calcination, the clayey materials in the paper sludge, mainly 
kaolinite, can be transformed into active meta kaolinite [5]. In this context, PSA has 
been widely used as the additive to reduce the amount of cement in the construction 
building.  The beneficial use of the PSA on a massive scale is still one of the urgent 
environmental issues in Japan, as well as globally. Recently, due to the recent revision 
in coating material from kaolin to calcium carbonate in paper production which led to 
the increasing the water absorption ability of PSA, the utilization of PSA as 
supplementary materials for concrete is decreasing because of the potential for 
shrinking and generating the crack. However, with this new ability, PSA can solve the 
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problem for using Geopolymer in LSS method. In this chapter, the utilizing PSA and FA 
as the feedstocks for synthesizing geopolymer in LSS method is mainly focus. In order 
to compare performance of these materials, filling characteristics are carefully 
measured such as failure strength, flow value, density, bleeding ratio. 
 
5.1.2 Automated machine learning algorithm 
Machine learning (ML) is a method of data analysis that automates analytical 
model building. Typically, a researcher has to build and test different complex ML 
frameworks such as data exploration, feature engineering, error diagnostic, model 
selection, and prediction to detect patterns among features (e.g. geopolymer content) 
and their associations with the outcome (e.g. failure strength). Automated machine 
learning (AutoML) systems were developed to automate this challenging, time-
consuming process, increase the accessibility as well as scalability of various ML 
applications by efficiently solving an optimization problem to discover pipelines that 
yield satisfactory outcomes (e.g. prediction accuracy). It can: 
• reduce the human effort necessary for applying machine learning. This allows 
researcher to focus their effort in applying their expertise in other important 
research components such as developing meaningful hypotheses or 
communicating the results. 
• improve the performance of machine learning algorithms (by tailoring them to 
the problem at hand); this has led to new state-of-the-art performances for 
important machine learning benchmarks in several studies [6, 7] 
• enhance the reproducibility and fairness of scientific studies. AutoML is clearly 
more reproducible than manual search. It facilitates fair comparisons since 
different methods can only be compared fairly if they all receive the same level 
of tuning for the problem at hand [8, 9] 
So far, the well-known of methodologies to build a system for Automated 
hyperparameter optimization of AutoML are grid search [10] , random search [11], 
Bayesian optimization [12] and Evolutionary algorithm (EA) such as genetic 
algorithms, evolutionary algorithms, evolutionary strategies, and particle swarm 
optimization [13]. Both grid search and random search (Figure 5-1) are facing the 
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problems with high-dimensional search space that lead to number of function 
evaluations growing exponentially with the dimensionality of the configuration space 
[14].  
 
Figure 5-1 Comparison of grid search and random search for minimizing a function  [11]  
Bayesian optimization frameworks using information theoretic acquisition 
functions allow decoupling the evaluation of the target function and the constraints to 
dynamically choose which of them to evaluate next including data pre-processing, 
feature engineering and model prediction [15, 16], however, they have drawback on 
complicated prediction problems  that required the complex pipelines or stacked 
models. 
On the other hand, EA can handle these problems with different data types, 
operate embarrassingly parallel with complex ML pipelines and ensemble models but 
it required high computational resources. In fact, the computational complexity is due 
to fitness function evaluation could overcome by fitness approximation is one of the 
solutions to overcome this difficulty. One of the best known population-based methods 
is the covariance matrix adaption evolutionary strategy(CMA_EA)[17] sampling the 
configurations from a multivariate Gaussian. Recipe[18] and Autostacker [19] uses 
basic EA to look for flexible stacking of many ML algorithms that yield better 
performance and evaluation time. More recently released, GAMA [20] using an 
asynchronous algorithm to  combine multiple machine learning pipelines together into 
an ensemble for improve the effectiveness of model on tabular data. Progressively, EA 
enhances AutoML systems with complexity machine learning pipelines in a large 
search of their hyperparameters to solve the complexity of problems. 
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Tree-based Pipeline Optimization Tool (TPOT) is a EA-based AutoML system that 
uses genetic programing (GP) [21] with synchronous evolutionary algorithm to 
optimize a series of feature pre-processors and ML models for advancing the accuracy. 
Reversing with most of AutoML system, TPOT pays attention to feature selection and 
feature engineering by evaluating the complete pipelines based on their cross-
validated score such as mean squared error or balanced accuracy rather than tuning 
and selecting optimized hyperparameter as well as ML model. TPOT often shows better 
result than a standard machine learning analysis given no a priori knowledge about the 
problem[22]. Throughout the time, many researchers attempt to specialize TPOT 
resulting in a useful extended version of TPOT such as TPOT–MDR introducing features 
Multifactor Dimensionality Reduction and an Expert Knowledge Filter [23] , TPOT – 
FSS introducing Feature Set Selector reducing the computational expense of TPOT at 
the beginning of each pipeline to only evaluate on a smaller subset of data rather than 
the entire dataset [24]. In this research, the utilization of TPOT can help to figure out 
the best model for predicting the failure strength of result for LSS with extracting the 
best feature with the optimization ML pipeline. 
 
5.2 Materials 
Five kind of imitated-sludge, alkaline solution, paper sludge ash and paper debris 
were used in this chapter.  
• Imitated-sludge 
The chemical composition and grain size distribution are already shown in 
chapter 2.  
• Paper debris 
In this experiment, same paper debris as shown in chapter 2 was used. 
• Alkaline activator  
Sodium hydroxide and sodium silicate are used as the same molar concentration 
as chapter 2. 
• Paper sludge ash 
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Paper sludge ash (PSA) which was obtained from local paper company was used 
as the main source of aluminosilicate material for making geopolymer. Table 2 
summaries the chemical composition of PSA using X-ray Fluorescence (XRF) by Rigaku 
MiniFlex II. The total amount of the aluminosilicate components (SiO2, Al2O3) 
comprises of 37.5% while the CaO content is 50%. Therefore, it belongs to Class F 
category indicating in ASTM C 618 [25]. PSA are mainly composed of SiO2, Al2O3, and 
CaO in the form of amorphous matter and some crystalline inclusions of mullite, calcite, 
lime, and quartz in the region between of 16o2θ and 55o2θ. 
Table 5-1 Physical and mechanical properties of imitation sludge 
SiO2 Al2O3 Fe2O3 CaO MgO MnO Na2O K2O 
25.7 11.8 2.2 50.3 2.6 0.09 0.33 0.5 
 
 
Figure 5-2 XRD of paper sludge ash 
 
 
5.3 Experiment procedures  
5.3.1 Flow test 
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The fluidity of LSS is evaluated by flow value; the spread diameter of LSS 
originally set in and released vertically for a plastic cylinder in accordance with JHS 
A313–Japan Highway Public Corporation Standard. By changing mixture proportion, it 
is possible to yield the required flow value. The flow value is strongly relative to the 
density of mixture and elapse time after mixing. It is known that a flow value of 100 
mm is the limit to pump LSS out and 140 to 250 mm is a good range[26]. The 
procedures are as follows: 
- Clay and silt with the ratio 2:3 are mixed with water to create the imitation 
sludge. 
- Paper sludge ash and alkaline activator solution are poured gradually in the 
mixer and the mixing process is furtherly continued for 8 - 10 minutes to achieve 
uniformity of LSS. The activator solution-to-PSA ratio and the sodium silicate to sodium 
hydroxide ratio were kept constant at 2:5 and 7:3 following the results from Vu et al. 
[27], which showed the best condition for the polymerization process in term of low-
temperature curing (20oC) and sludge environment. Depending on the mixing 
condition, the fiber material (paper debris) was added and mixed further 2 minutes. 
 - Plastic cylinder measuring 8 cm high and 8 cm in diameter was replenished by 
LSS and then lifted straight up for LSS to spill out. The flow value (F) is average value 






F =  
  where F is flow value (mm), Dx is spreading diameter along the x-axis (mm), 
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                          a) Flow test apparatus                                                b) Measured LSS flow value  
 
Figure 5-3 Flow test apparatus and measurement 
5.3.2 Bleeding rate test 
The bleeding ratio is restricted to within 1 % in most case or 0.5 % in the case of 
strictly limited volumetric change like when filling a cavity. The procedures is as 
follows: 
- The LSS is poured into a plastic bag of 5 cm in diameter and kept for 3 hours. 
After 3 hours, the depth of the water layer on the surface is measured, and then the 










where B is bleeding rate (%), D is plastic bag diameter (mm), h is the depth of 
the water layer on the surface of the soil (mm), and V is original volume 
of the paste (mm3). 
      - The LSS is poured into plastic mold and carefully packed into the curing machine 









 80 mm 
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a) Bleeding rate apparatus                                        b) Before                                           c) After                                          
                         Figure 5-4 Bleeding test apparatus and measurement 
 
5.3.3 Unconfined compression test 
The information of confined compression test was described in chapter 2. 
 
5.3.4 Drying-wetting test 
The information of confined compression test was described in chapter 2. 
 
5.3.5 TPOT modeling 
There are four main types of pipeline operators as primitives in the TPOT using 
algorithms from the extensive library of scikit-learn [28, 29] as well as other efficient 
implementations such as extreme gradient boosting [30] (Figure 5-3). 
• Preprocessors implemented a standard scaling operator that uses the sample 
mean and variance to scale the features (StandardScaler), a robust scaling 
operator that uses the sample median and inter-quartile range to scale the 
features (RobustScaler), and an operator that generates interacting features via 
polynomial combinations of numerical features (PolynomialFeatures). 
3 hours 
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• Decomposition implemented Randomized PCA, a variant of Principal 
Component Analysis that uses randomized Singular Value Decomposition 
(SVD). 
• Feature Selection implemented a recursive feature elimination strategy (RFE), 
a strategy that selects the top k features (Select KBest), a strategy that selects 
the top n percentile of features (Select Percentile), and a strategy that removes 
features that do not meet a minimum variance threshold (Variance Threshold). 
• Models implemented both individual and ensemble tree-based models 
(Decision Tree Classifier, Random Forest Classifier, and Gradient Boosting 
Classifier), non-probabilistic and probabilistic linear models (SVM and Logistic 
Regression), and k-nearest neighbors (KNeighbors Classifier). 
 
 
Figure 5-5 The light grey area indicates the steps in the pipeline that are automated by TPOT [31] 
 
In the beginning, one or more copies of the input data is fed into a flexible pipeline 
structure which combining all of these operators in each tree-based pipeline. 
Specifically, to automatically generate and optimize these arbitrary machine-learning 
pipelines while accounting for its complexity, TPOT utilizes the Python package DEAP 
[32] to implement the GP algorithm with NSGA-II Pareto optimization [33] (Figure 5-
4). In all cases, data was divided into stratified 75% training and 25% testing sets, such 
that the pipeline is only trained on the training set and only evaluated on the testing 
set. Through consecutive generations of evolution, TPOT’s GP algorithm will optimize 
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the pipeline, adding new pipeline operators that improve fitness, removing redundant 
or detrimental operators and guiding search for high-performing pipelines. At the end 
of every TPOT run, single best-performing pipeline ever discovered during the TPOT 
run (according to classification accuracy) as the representative pipeline. 
 
 
Figure 5-6 An example tree-based machine learning pipeline [31] 
 
 
Table 5-2 Genetic programming settings 
GP PARAMETER VALUE 
POPULATION SIZE 100 
GENERATIONS 100 
PER-INDIVIDUAL MUTATION RATE 90% 
PER-INDIVIDUAL CROSSOVER RATE 5% 
TPOT-PARETO SELECTION 5 copies of top 20% 
according to NSGA-II 
MUTATION Point, insert, & shrink 
1/3 chance of each 
UNIQUE REPLICATE RUNS 30 
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5.4 Result and discussion 
5.4.1 Initial curing time 
Table 5-3 Mixing condition of LSS for checking the effect of initial curing time 
Samples Water content [%] AA:FA SS:SH Geo [%] 
PSA5 100 2:5 7:3 5 
PSA10 100 2:5 7:3 10 
PSA15 100 2:5 7:3 15 
PSA20 100 2:5 7:3 20 
 
The mixing condition of LSS using PSA without paper debris to investigate the 
effect of initial curing time was shown in Table 5-3. PSA based geopolymer shows more 
advantages to solve the problems of the slow reaction of normal geopolymer in LSS. 
Referring to the hardening process of PS-ashes, the primary and the secondary 
minerals react with the alkaline liquors so that the recombination takes place, and 
minerals peculiar to the geopolymerization form [34]. It is noteworthy to refer to the 
amorphous phases peculiar to geopolymers, which are currently believed to consist of 
two distinct phases—so-called C-A-S-H gels and N-A-S-H gels similar with crystal phase 
of cement—where C, A, S, H, and N denote CaO, Al2O3, SiO2, H2O, and Na2O, respectively. 
Therefore, instead of other resources for synthesizing the geopolymer, PSA based 
Geopolymer has two main reactions: Hydration and Geopolymerization – it consumes 
and also produces the water through the process. However, it also comes up with new 
problems: expansion of the volume and generation of the crack (Figure 5-7). The 
reason for this is the heat and the air produced during the hydration. To avoid the 
unexpected phenomenon of using PSA based geopolymer in LSS method, the initial 
curing time will be proposed. The main idea of initial curing time is that LSS needs the 
time to transfer the heat as well as the air to the environment. After that, the LSS was 
mixed again and investigated the flow value, bleeding rate as well as the failure 
strength and strain to determine the appropriate initial curing time. The optimum 
initial curing time have to be studied very important to avoid the reduction of flow 
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value as well as the strength development of LSS. The certain initial curing time 
examining in this research was 0, 3, 6, 9 hours. 
                          
                       a) Volume expansion                                      b) Crack 
Figure 5-7 Specimen of PSA based geopolymer for LSS method without initial curing time 
 
 
• Flow test and bleeding rate 
 
Figure 5-8 The effect of initial curing time on the Flow value of liquefied stabilized soil by PSA based 
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Figure 5-9 The effect of initial curing time on the Bleeding rate of liquefied stabilized soil by PSA based 
geopolymer without fiber (initial water content of sludge 100%)  
 
The effect of initial water content on the flow value and bleeding rate were show 
in Figure 5-8 and Figure 5-9, respectively. The bleeding rate as well as flow value was 
decreased gradually as the increasing of initial curing time. It proves the fact that in the 
environment with high water content, the PSA based Geopolymer still reacted 
thorough the hydration from calcium oxide. In addition, this reaction creates the heat 
and enhance the water evaporation creating a premise for Geopolymerization. In the 
range of experimental initial curing time, the flow value of LSS can achieve the target 
value with different geopolymer content excluding the LSS with 20% of geopolymer 
content (over than 6 hours, the flow value is less than 100 mm). The most of bleeding 
rate of LSS are under 1% from 0 to 9 hours of initial curing time except the LSS with 
5% of Geopolymer if the initial curing time less than 3 hours. From these results, the 
optimum initial curing time that can satisfy the both bleeding rate and flow value is six 
hours. The further investigating the dynamic strength is required to determine the 
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• Failure strength and failure strain after 7 days curing at 20oC 
 
Figure 5-10 The effect of initial curing time on the Failure strength of liquefied stabilized soil by PSA 
based geopolymer without fiber (initial water content of sludge 100%)  
 
 
Figure 5-11 The effect of initial curing time on the Failure strain of liquefied stabilized soil by PSA based 
geopolymer without fiber (initial water content of sludge 100%) 
 
Figure 5-10 show the effect of initial curing time on the failure strength of LSS. 
The failure strength of LSS decreased when the initial curing time from 0 to 3 hours but 



















































- 159 - 
failure strength of LSS didn’t change as much, nearly the same value. The LSS with low 
Geopolymer content (less than 10%) cannot achieve the target value. The effect of 
initial curing time on failure strength was illustrated by Figure 5-12. Without the initial 
curing time, the expansion of volume of LSS caused the appearance of the crack leading 
to the deterioration of failure strength. As 3 hours of initial curing time, the big crack 
didn’t generate but the expansion of volume still occurred and it looked more 
extremely than without initial curing time. Therefore, the failure strength as well as the 
failure strength reduced relatively. However, when the initial curing time increase up 
to 6 hours, the failure strength increased a little bit but the failure strength increased 
significantly and the value was also higher than LSS without initial curing time (Figure 
5-10). After 6 hours, the most active hydration part that’s generating the heat and the 
air was almost done. From this time, the hydration process was steady than before and 
that leads to the LSS was slack and able to be maintained the shape (Figure 5-12). The 
failure strength and strain reduced slightly when the initial curing last 9 hours, hence, 
the optimal initial curing time was 6 hours which was in agreement with the results 
from bleeding rate and flow value. From the next experiment the initial curing time was 
set at 6 hours to investigate the effect of paper debris on the flow value, bleeding rate, 
failure strength, strain and durability. 
 
Figure 5-12 The specimens of liquefied stabilized soil by PSA based geopolymer with different initial 
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5.4.2 Paper debris  
















70,80,90,100.110 10 100,110,120,130,140 10 
80,90,100,110,120 15 110,120,130,140,150 15 





100,110,120,130,140 10 100,110,120,130,140 10 
110,120,130,140,150 15 110,120,130,140,150 15 
120,130,140,150,160 20 120,130,140,150,160 20 
 
• Flow test and bleeding rate 
Table 5-4 shows the mixing condition to research the effect of paper debris on 
the characteristic of LSS. The influence of paper debris on the flow values and bleeding 
rate were shown in Figure 5-13 and Figure 5-14, respectively. As the increasing of 
geopolymer content the flow value of LSS decreased with any amount of fiber content. 
The high amount of CaO in PSA increases the demand of water on LSS. Furthermore, 
hydration of CaO generated heat through the reaction that elevate the water 
evaporation of LSS mixture. On the other hand, it also affected on the decreasing of 
bleeding rate on LSS (Figure 5-14). Beside of that, with increasing of paper debris, the 
flow value of LSS was reduced. As the paper debris is 1% all the conditions of LSS could 
satisfy the target value but when the paper debris increase up to 2%, the amount of LSS 
can meet the requirement diminish moderately. With 2% of paper debris, only 4 
conditions of LSS had the flow value higher than 100 mm. The effect of paper debris  
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Figure 5-13 The effect of paper debris on the flow value of LSS 
 
 
Figure 5-14 The effect of paper debris on the bleeding rate of LSS 
can be illustrated on the bleeding rate. As the same amount of initial water content, 
some LSS mixture with 1% of paper debris had the bleeding rate over 1%. However, 
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value. Without the fiber, the minimum of initial water content of LSS should be lower 
than LSS having fiber, in particularly, with 5%, 10%, 15%, 20% of PSA based 
Geopolymer, the minimum of initial water content is 70%, 80%, 90%, 100%, 
respectively. 
• Failure strength and strain 
 
Figure 5-15 The effect of paper debris on the failure strength of LSS 
 
Figure 5-16 The effect of paper debris on the failure strain of LSS 
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Figure 5-15 and Figure 5-16 shows the effect of paper debris on failure strength 
and strain of LSS after 28 days curing. As the increasing of initial water content, the LSS 
reduced the failure strength regardless with paper debris content. It means the most 
effective factor that can determine the strength development of LSS is the initial water 
content. However, the fiber content could improve the failure strength as well as the 
failure strain of LSS with the same amount of initial curing time. With 5% of PSA, all 
LSS had 1% of paper debris cannot achieve the target value but when the paper debris 
increasing to 2% and 3%, the number of LSS condition can satisfy the target value also 
increasing. Without the fiber, the initial water content of LSS should be lower than LSS 
with fiber to make sure that the failure strength can meet the requirement. In addition, 
the result also showed that very few LSS with 5% of PSA had failure strength higher 
than 100 kPa. The low amount of PSA leads to the low amount of CaO to consume the 
redundant water in sludge. In the environment with abundant water, the 
polycondensation was interfered result in inferior reactivity and dilute the reaction. 
Therefore, the minimum of PSA was 10% based on these results to avoid this 
phenomenon. On the other hand, the effect of paper debris on the failure strain of LSS 
was not efficient than failure strength that indicated in Figure 5-16. The different 
between the LSS with fiber and LSS without fiber was very clear but the different when 
increasing the fiber was slightly. Almost the LSS with fiber can achieve the target value.  
• Durability test 
The LSS can satisfy the target value of bleeding rate, flow value, failure strength 
and strain were investigating the durability through Drying -Wetting test. Figure 5-17 
and Figure 5-18 show the soundness and failure strength, strain of LSS with 1% of fiber 
during 10 cycles of durability test. Regarding to result, the failure strength reduced 
significantly (around 50%), the fine was appeared just after 2 cycles and the notorious 
cracks appeared outside the specimen after 10 cycles. However, the effect of PSA on 
the durability of LSS should not be ignored, PSA could partially protect the impact of 
severe durability test. With low amount of PSA (10%), the intelligible cracks occurred 
after 5 cycles meanwhile with high amount of PSA (20%), these cracks occurred after 
7 cycles. All of LSS specimen cannot satisfy the target value for maintaining the failure 
strength (80%). The failure strain value was stable of 2 cycles of durability test, around 
3% to 4%. In spite of this, all the failure strain was under the target value (5%). 
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Figure 5-20 Effect of durability test on failure strength and strain of LSS with 2% of fiber 
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When the paper debris content increasing to 2%, the durability as well as the 
soundness of LSS specimens could improve but they are still under the requirement 
objects (Figure 5-19 and Figure 5-20).  The increasing the fiber significantly enhanced 
the durability of LSS specimen. The intelligible crack was not appeared and just only 
the occurrence of fine crack on the surface of specimen after 5, 6 or 7 cycles depending 
on the initial water content and amount of PSA.  It proves the fact that the effect of fiber 
on the ductility of LSS with severe drying at 40oC and wetting at 20oC. Normally, these 
values of failure strength of modified sludge decrease after immersion in water of the 
samples overnight (wet compressive strength) but the strength is partly recovered 
when the samples are dried at 40oC. It is well known that this behavior is linked to the 
hydration of some Si–O–Si bonds into Si–OH bonds in the geopolymer matrix, leading 
to a weakening of the structure [35]. The increasing amount of paper debris in 
agreement the increase in water absorption of specimens because the water 
absorption capacity of paper debris is very large, it can absorb water nearly 5 times its 
mass, so that the specimen with a high amount of paper debris can remain and reduce 
the moisture slowly than the other ones. However, the failure strength of all 
conditions of LSS with 2% of fiber was still under the target value and the reduction of 
strength value was still high (around 30%). The failure strain of LSS improved 
undoubtedly, a lot of LSS specimens had value higher than 5%.  
The result of higher amount of paper debris (3%) on soundness as well as the 
failure strength and failure strain of LSS specimen shows in Figure 5-21 and Figure 5-
22. With high amount of paper debris, almost the failure strength and failure strain of 
LSS specimens can satisfy the target value. The Figure 5-21 indicates that the reduction 
of failure strength of LSS with 10%, 15%, 20% of PSA was around 15%, 10%, 5%, 
respectively. In addition, the shape of LSS specimen didn’t change through 10 cycles of 
Drying-Wetting test. This fact confirmed the effect of fiber on the durability of LSS, with 
enough fiber in the structure of LSS. The failure strain reduced a little bit from 0 to 2 
cycles but from 2 cycles to 10 cycles the failure strain increasing with the value higher 
than 5%. The sense that led to this trend is intertwining the fiber material and soil 
particles. The increase of additive amount of paper debris means that the connection 
between the geopolymer structure and soil particle will be grown up, it changes the 
characteristic of LSS from brittle and inelastic to more ductile and flexible. As well as, 
the PSA based geopolymer could work effectively with the paper debris like Portland 
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cement to reinforce the connection between fine soil particle and paper fragment in 
high water environment.  
  
a)  0% fiber b)  1% fiber 
  
c)  2% fiber d)  3% fiber 
Figure 5-23 Microscope images of LSS with different amount of fiber after curing 28 days 
 
Microscope apparatus was used to observe the pace of microstructural 
development on PSA and the connection between paper fragments and soil particles. 
These images were conducted on the residual pieces of modified sludge after testing 
unconfined compression strength. Four pieces were collected from four conditions of 
LSS samples on paper debris and the dominant type of structure seen in the microscope 
images was chosen to be the representative image. The images in Figure 5-23 (a), (b), 
(c) and (d) displayed a more densified mass with 0%, 1%, 2% and 3%, respectively, 
that developed under ambient curing condition during the period 28 days curing. The 
air void was realized in the specimen with 0% and 1% of fiber, however, with high 
Air void  Air void  
Paper fragments  Paper fragments  
 
- 169 - 
amount of fiber in the structure of LSS, air void was firmly diminished. Instead of air 
void, a lot amount of the intertwinement of paper fiber with geopolymer and soil was 
detected at any places in whole specimen. Hence, this observation may further support 
the conclusion that PSA can treat the drawback of geopolymer formation in the high-
water environment and fiber could reduce the porosity as well as hence the ductility of 
LSS through the transformation of stress equally inside the structure. 
5.4.3 TPOT modeling 
TPOT model was ran with 50 replicates of it on all dataset, where each replicate 
had to complete 100 generation of optimization with population size is 100. Generally, 
TPOT will work better with more generations and more individuals with high number 
of generation and population size to optimize the pipeline, however, it consumes a lot 
of time and sometimes the difference of accuracy was not much consideration. 
Offspring size which is number of offspring to produce in each genetic programming 
generation is set equal to the number of population size. The total pipeline evaluation 
was following this equation below: 
Total pipeline = population size + generations × offspring size 
                                                   = 100 + 100 × 100 = 10100 
To prevent the wasted time consuming for the poor bootstrap generation as well 
as overfitting the training data, the early stopping parameter, a form of regularization, 
was set at 10 generations if the cross-validation score was not improved. In each 
replicate, we divided the data set into a stratified 80%-20% (training-testing split) and 
used a distinct random number of generator seed for each split and subsequent TPOT 
run. Another set of important parameters that affects GP algorithms is mutation rate 
and crossover rate. Mutation rate tells the GP algorithm how many pipelines to apply 
random changes to every generation meanwhile crossover tells the genetic 
programming algorithm how many pipelines to "breed" every generation. Sum of 
mutation rate and crossover rate doesn’t exceed 1. In this research, mutation rate was 
set at 0.9 and crossover rate was set at 0.1 based on the suggestion of author [36]. 
Because the dataset was relatively small, therefore, cross validation (CV for short) was 
strongly required to avoid overfitting and help the model can learn specialty of the data 
set. In the basic approach, called k-fold CV, the training set is split into k smaller sets 
(in this research k = 5). The following procedure is followed for each of the k “folds”: 
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• A model is trained using of the folds as training data; 
• The resulting model is validated on the remaining part of the data (i.e., it is used 
as a test set to compute a performance measure such as accuracy). 
The performance measure reported by k-fold cross-validation is then the average 
of the values computed in the loop. This approach can be computationally expensive, 
but does not waste too much data (as is the case when fixing an arbitrary validation 
set), which is a major advantage in problems such as inverse inference where the 
number of samples is very small. Figure 5-24 below shows the result of top 20 pipeline 
model with highest score value in test set of failure strength and failure strain. The 
score value is mean square error between predicted and actual value. From the results, 
we can see that most of cv train score is lower than test score. However, it’s really hard 
to conclude that the model is overfitting the train set because the test score only could 
reduce when the cv train score also reduced. The average of mean squared error results 
of cv train score of failure strength and failure strain are 92.2 and 0.29, meanwhile test 
score  are 146.17 and 0.3, respectively.  It demonstrated the pipeline model generated 
by TPOT can be used to predict value of failure strength as well as failure strain of LSS 
by PSA based Geopolymer because the different between the predicted value and 
actual value is relatively small.  The best pipeline on cv train score and test score were 
show in Figure 5-25. 
  
a) Mean squared error of failure strength     b) Mean squared error of failure strain 
Figure 5-24 Cross validation train score and test score of top 20 model of pipeline generated by TPOT 
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a) pipeline of top score on test set of failure strength 
 
b) pipeline of top cv score on train set of failure strength 
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c) pipeline of top cv score on test set of failure strain 
 
d) pipeline of top cv score on train set of failure strain 
 
Figure 5-25 The best pipeline model on cross validation train score and test score  
on failure strength and failure strain 
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5.5 Conclusion 
This research investigated the PSA based geopolymer to stabilize the sludge by 
LSS method at ambient temperature. Results of this study suggest that PSA can enhance 
the geopolymer formation in high-water environment. Meanwhile, the paper debris 
can improve the durability of LSS. The following conclusions are drawn from this study: 
o The initial curing time is import to treat the drawback of PSA formation. The 
best initial curing time is 6 hours. Lower than that value, the LSS specimen 
would expand the volume and generate lot of cracks in the structure.  Initial 
curing higher than 6 hours shouldn’t recommend because it may reduce the 
final strength characteristic. With appropriate condition of fiber as well as 
PSA, LSS specimen can satisfy the target value of bleeding rate and flow 
value.   
o The fiber can improve the failure strength, failure strain as well as the 
durability of LSS. The amount of PSA should be higher than 5% to achieve 
the target value of failure strength and strain with appropriate amount of 
fiber. Fiber has important role for durability of LSS, it can change the 
characteristic of LSS from bristle to ductile. However, the amount of fiber 
should be higher than 2% to achieve the target for durability.     
o TPOT AutoML can generate the best pipeline model to predict the failure 
strength and strain of LSS with the average result of cv train score is 92.2, 
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6.1 Conclusions 
The main goal of this research work is to evaluate the possibility to apply 
Geopolymer to modified the sludge in ambient condition. The followings are the 
summary and conclusions of each topic. 
Chapter 2 describes the effect of ratio alkaline solution, curing time and paper 
debris to geopolymer stabilized sludge is shown. The various apparent water content 
after mixing sludge with geopolymer and paper debris was examined to classify the 
possibility of shortening the curing time of geopolymer stabilized sludge. The high 
amount of paper fragment has the influence on the modulus of elasticity. With 
appropriate alkaline solution, Geopolymer can develop the strength in the high-water 
environment of sludge. Curing time is the important factor can improve the durability 
of modified sludge. Initial curing should be considered with different amount of 
geopolymer. 
Chapter 3 compares the efficiency of two methods sludge conditioning and sludge 
dewatering. Dewatering method can enhance the bulk density, and failure strength of 
sludge and is effective for treatment sludge if high amount of geopolymer is added. 
Meanwhile, in conditioning method, polymerization is more effective but the initial 
water content of sludge has to be considered. Test results indicated that the initial 
curing time has the potential for improving failure strain and strength of modified 
sludge with the specific condition of soft soil. The optimum moisture content of 
geopolymer modified sludge has strong influence on the amount of geopolymer 
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Chapter 4 evaluates the effect of different kind of sludge on the reaction of 
geopolymer to achieve the desired strength and strain. The Taguchi method was used 
to determine the most important factor that affects several properties of geopolymer 
modified sludge by minimizing the effects of variation, but without eliminating the 
cause. The results indicate that the geopolymer content, clay content in sludge, initial 
water content and moisture content play a unique role in different properties of 
modified sludge. The decrease level of factor that contributes to the failure strength of 
modified sludge is geopolymer content, clay content, initial water content and apparent 
water content. The decrease level of factor that contributes to the failure strain of 
modified sludge is apparent water content, clay content, initial water content and 
geopolymer content. The factors contributing to the moist density of modified sludge 
are clay content, apparent water content, initial water content, and geopolymer 
content.  
Chapter 5 proposes the different application of geopolymer, Liquefied Stabilized 
Soil method. The mainly purpose of this chapter presents the utilization of Paper sludge 
ash (PSA)-based geopolymer to improve the soft soil by LSS method with paper debris 
fiber. The results show that PSA can solve the drawback of normal geopolymer on 
strength development in high-amount-of-water sludge. that PSA can enhance the 
geopolymer formation in high-water environment, meanwhile, the paper debris can 
improve the durability of LSS. The application of state-of-the-art automated machine 
learning models show the potential on prediction the strength performance of LSS with 
consideration of many meaningful feature variables. 
6.2 Contributions to knowledge 
The research outcomes are expected to contribute to new methods to modified 
sludge in ambient temperature. The contributions to the knowledge obtained in this 
research could be summarized as follows: 
• The optimum ratio of alkaline solution. 
• The methodology to apply Geopolymer with different condition of soft soil  
• The model to estimate the mechanical properties of modified sludge with 
variety kind of sludge  
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• The utilization of Geopolymer with different alumina silicate resources 
(waste product from industry) 
• Demonstrating the efficiency of fiber and geopolymer in the soft soil  
6.3 Recommendations 
For future prospective, some recommendations are listed as follows: 
• More study should be carried out to find out the way to improve the durability 
performance in term of long-term and repeated drying-wetting. Moreover, it 
is needed to study the mechanism of deterioration process in long-term 
condition and propose the life of the modified-sludge.  
• The effect of treatment resources for synthesis the geopolymer should be 
consider to optimize the reaction  
• The consideration of protection of geopolymer to fiber could help to apply the 
modified sludge in the real site. 
• The research on real soil with the outcomes from this research could supply 
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A.1 Introduction 
In geopolymer process, moisture or water has been claimed to play no role in 
the formation of hardened geopolymer pasting apart from providing the workability 
and necessary reaction medium. Furthermore, in the previous experiment, it is 
clearly seen that fiber (paper debris) is very important to improve the mechanical 
properties of modified sludge. But it is inefficient if the efficiency of water absorption 
ability to the geopolymerization process is not considered. Especially, in the case of 
modified sludge with high moisture (70%), water absorbing ability of fiber is an 
extremely important factor to promote polycondensation as well as to shorten the 
curing time.  
In chapter 2, a small effect of this ability on the mechanical properties or the 
durability of modified sludge was recognized. The failure strength of some specimens 
with high amount of fiber increased while the failure strain decreased and the 
durability remained at high level. This trend is opposite to the rest in which the both 
failure strength and strain increased and the long curing time was essential to 
improve the durability. So that, in this experiment, the efficiency of this ability on the 
development of strength and durability characteristic is focused. It can be used to 
solve the drawback of previous experiment (long curing time). To investigate the 
effect of this ability, the apparent soil water content parameter was used. Apparent 
soil water content is the remaining moisture after mixing with the paper debris. The 
Appendix A 
 
Effect of paper debris on apparent 
water content to shorten the curing 
time 
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apparent soil water content with different mixing condition (Table A-1) is calculated 













 Whereas: Wap is the apparent soil water content [%] 
                                      mW is the mass of initial water (70% mass of dry soil) [g] 
                                                       mL Alkaline is the mass of liquid alkaline solution [g] 
                                                       mp is the mass of paper debris [g] 
                                                       ms is the mass of dry soil [g] 
                                                       mf is the mass of dry fly ash [g] 
                                                       mS Alkaline is the mass of dry alkaline solution [g] 
 
A.2 Materials  
Four different materials were used in this experiment, including imitation 
sludge, fly ash, alkaline solution and paper debris. The mixing condition are showed 
in Table A-1. 
• Sludge 
This experiment uses the same imitation sludge mentioned in chapter 2. The 
chemical composition and grain size distribution are shown in chapter 2. 
• Fly ash 
Same fly ash as shown in chapter 2 was used. 
• Alkaline activator  
Sodium hydroxide and sodium silicate are used as the same molar 
concentration in chapter 2. 
• Paper debris 
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The original size of paper debris is used to investigate the effect of paper on the 
curing time and apparent soil water content.  
 
 
Table A-1 Mixing condition 
Condition Sludge 
Apparent soil 
water content [%] 






40 0.4 7/3 10 
G20M40 32.5 0.4 7/3 20 
G30M40 25 0.4 7/3 30 
G10M32.5 40 0.4 7/3 10 
G20M32.5 32.5 0.4 7/3 20 
G30M32.5 25 0.4 7/3 30 
G10M25 40 0.4 7/3 10 
G20M25 32.5 0.4 7/3 20 
G30M25 25 0.4 7/3 30 
AA= Alkaline solution; Fa = Fly ash; SH = Sodium Hydroxide; SS = Sodium Silicate 
A.3 Experimental procedure 
In this experiment, the effect of geopolymer content is one of the subjects of 
investigation to find out the optimum condition of fiber and binder which can 
improve the property of soft soil at a high amount of water. Therefore, the effect of 
geopolymer has to be checked with the initial curing time or setting time in the Vicat 
Needle test [1]. But there is no standard for geopolymer-stabilized soil. Hence, this 
test was the reference of the influence of geopolymer content on the setting time. 
Procedures to determine the initial and final setting time of modified sludge are 
as follows: 
a) Prepare 400 g of modified sludge.  
b) Fill the Vicat mold, then rest on a glass plate, with the modified sludge 
gauged as above. Fill the mold with modified sludge completely and 
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smooth off the surface of the mixture making it level with the top of the 
mold (Figure A-1). 
c) Place the mold under the rod bearing the needle (Figure A-1). Lower the 
needle gently in order to contact with the surface of the modified sludge 
and release quickly, allowing it to penetrate into the modified sludge in 
the mold (Figure A-2). Repeat this procedure until the needle fails into 
pierce the modified sludge to a point 5.0 ± 0.5mm measured from the 
bottom of the mold. The elapsing time that the needle is able to be 
pushed into the modified sludge with the height of 5.0 ± 0.5 mm from 
the bottom of the mold is called the initial setting time. 
d) Repeat this procedure again until the needle cannot be pushed into the 
modified sludge. The time required for this final step is called the final 
setting time. 
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Figure A-2 Prepare the mold for penetration of needle 
Figure A-3 shows the initial setting time and final setting with 25% apparent 
water content and 10%, 20%, 30% of geopolymer content respectively. From this 
result, it is clear that at 10% and 20% level of geopolymer, the initial setting time and 
final setting time are relatively the same. However, at 30% of geopolymer, it took 
almost double of the time to start losing the plasticity and lost plasticity. This is an 
evidence that with a high amount of geopolymer content, the initial curing time 
should be lengthened to ensure the efficiency of compaction energy. Thus, the 
proceeding to investigate the effect of apparent water content is described as below.   
a) Clay and silt were prepared at the ratio of 2:3 and they are mixed with 
water (70% by weight of dry soil) for 5 minutes by a mixer. 
b) Fly ash and alkaline activator solution were poured gradually in the 
mixer and the mixing was carried on for further 8 - 10 minutes to 
achieve a uniform.  
c) Then, paper debris was added and mixed for 5 minutes. 
d) The modified-sludge, which was carefully put into the curing machine, 
was cured at 20 ± 3 degrees Celsius. The initial curing time was 1 day for 
mixtures of 10%, 20% of geopolymer content, and 2 days for the rest 
one. 
e) After the initial curing was over, specimens were made by compaction 
method. 
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f) These specimens were wrapped by vinyl sheet, and cured at 20 ± 3 
degrees Celsius and checking the failure strength and strain after 1, 7, 
14, and 28 days (Figure 3-22). 
g) The durability of specimens was checked after curing 1, 7, 28 days. The 
mixing condition was shown in Table 3-4 before. 
 
Figure A-3 Setting time of specimen different amount of geopolymer and 25% of apparent water 
content 
A.4 Results and discussions 
A.4.1 Unconfined compression test 
Figure A-4 shows the failure strength and strain in different apparent water 
content and geopolymer content levels. As the result, the failure strength of 
specimens with 30% of geopolymer keeps showing the highest value among all the 
conditions regardless of the apparent water content.  However, regarding failure 
strain, the behavior appeared a little disparate tendency. From early curing time, 
failure strain of G30M40 was highest but G30M32.5 was lowest and G30M25 was in 
the middle compared to other conditions of geopolymer and apparent water content. 
The reason for this tendency is that in the case of 40% of apparent water content, the 
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obstacle for the polycondensation and geopolymerization. Tended failure strength 
was a fairly smaller while failure strain was higher than other conditions. In the case 
of 32.5% of apparent water content, the failure strength was improved and failure 
strain was lowest because the free water inside of specimens was reduced. When the 
apparent water content continuously reduced, this tendency became visible. Both 
failure strength and strain were improved due to the geopolymerization occuring 
adequately to reinforce the structure between the soil particle and debris fragment. 
In this condition, it is expected to remain the strength characteristic through the 
extreme condition of durability test. Obviously, for long curing time (28 days), failure 
strain of specimens with 30% of geopolymer followed the normal tendency. It is the 
lowest because the geopolymer reacts efficiency.  
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Figure A-4 Failure strength and strain of modified sludge with  
different apparent water content 
 
Regarding another condition, the behavior revealed the general tendency. 
Failure strength was higher and failure strain was lower as the amount of 
geopolymer increases. According to this result, it can be concluded that apparent 
water content had a essential role in the development of geopolymer-stabilized 
sludge. To overview the effect of apparent water content, the results from previous 
together with current experiments were considered as shown in Figure A-5 and 
Figure A-6. It is a clear demonstration that the apparent water content plays an 
important role on the failure strength of modified sludge as well as in the 
geopolymerization. As shown in Figure A-6, it is recognized that apparent water 
content dropped from 62.5% to 40% will lead to the increase of failure strain, but if 
the water content altered from 40% to 25%, failure strain will decrease. This is a 
significant exploration in the potential effect of apparent water content.  
The exploration means that when the apparent water content is lower than 
40%, the polycondensation could react faster. It shows the possibility to shorten the 
curing time. However, large amount of paper debris could influence the water 
evaporation because they keep the water inside the structure or prevent the water 
from evaporating. In overall, apparent water content should be lower than 40% to 
enhance the geopolymerization. It is the best way to fasten the reaction without using 
high heat curing. Thus, the cost will obviously be reduced and the manufacture 
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Figure A-5 Effect of apparent water content on the failure strength of 
 stabilized sludge with 30% of geopolymer content 
 
Figure A-6 Effect of apparent water content on the failure strain of stabilized sludge 
 with 30% of geopolymer content 
 
A.4.2 Durability test 
To convince the effect of apparent water content, the durability test of 
specimens after curing for 1 day, 7 days and 28 days were executed. The procedures 
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A-9 indicated the soundness of specimens with different curing time for 28 days, 7 
days and 1 day, respectively. As shown in Figure A-7, at 10% of geopolymer, the 
surface of specimen appeared intelligible cracks despite the long curing time (28 
days). At 40% apparent water content, the specimen did not change the shape after 
10 cycles test only at the condition with a high amount of geopolymer. However, with 
32.5% apparent water content, a specimen with 20% of geopolymer appeared fine 
crack on the shape. It means that with high apparent water content, the curing time 
and high amount of geopolymer are necessary for stabilized sludge. Furthermore, it 
is also shown that the capability to shorten the curing time if the apparent soil water 
content is reduced.  
In Figure A-8, when the curing time is short (only 7 days), specimens with 
apparent water content 32.5% and 25% showed the prominent performance on 
durability test, an small crack appeared outside the specimen at about the last cycle. 
Figure A-9 indicates the soundness of specimens only for 1 day during 10 cycles test. 
As the result in this figure, most of the specimens had the fine crack in the middle of 
durability test (after 7th cycle). But at the end of this test, the crack stops growing, the 
intelligible crack generating outside the specimen was fine and emerged at some part 
of the shape. 
 
 
Figure A-7 Soundness of specimens curing 28 days 
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Figure A-8 Soundness of specimens curing 7 days 
 
 
Figure A-9 Soundness of specimens curing 1 day 
 
Figure A-10 shows the movement of the failure strength and strain of modified 
sludge at different apparent water content and number of cycles. After 28-day curing, 
(Figure A-10. a), with 40% of apparent water content, 10% of geopolymer specimen 
collapsed after the 6th cycle. At other conditions with same apparent water content, 
the failure strength decreased when increasing the cycle number. Only at 30% 
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geopolymer, the specimen remains the strength, but the value of failure strength 
dropped nearly 20%. When the apparent water content is reduced, the failure 
strength decreased with increasing the cycle number.  
The reason is because the paper absorbs the water inside the structure of 
specimen and it makes space for the geopolyrization as well as absorbs the water 
from the polycondensation. Therefore, the durability of the specimen could be 
improved and sustain during extreme test condition. Furthermore, it could be 
expected that the apparent water content plays an important role to shorten the 
curing time as shown in Figure A-10 (b). When the apparent water content was 25% 
and 32,5%, after 10 cycles test, the failure strength did not decline as in the general 
tendency. The failure strength rose considerably at 20% and 30% geopolymer. In the 
case of failure strain, the value increased parallelly with the increase of the cycle 
number. 
To investigate the potential of apparent water content, the durability test for 
the specimen in 1-day curing was executed. Figure A-10 (c) shows the change of 
failure strength and strain of specimen with increasing the cycle number. The failure 
strength of specimen with 30% of geopolymer increased enormously from 0 to 6th 
cycle and rose gradually from 6th to 10th cycle. Otherwise, a specimen with 20% of 
geopolymer, the failure strength increased until 6th cycle and tended to decrease at 
the rest of durability test. It means that if the curing time is too short, high amount of 
geopolymer is essential to warrant the durability.  
At the end of durability test, it can be recognized that the failure strength was 
higher as longer curing before testing with any conditions of geopolymer as well as 
the apparent water content. It means that the role of curing time should be 
considered when this method is applied to modify the sludge. Depending on the 
actual conditions, concordant curing time can be utilized to achieve the desirable 
failure strength, strain, and durability. 
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a) Specimens curing 28 days 
 
b) Specimens curing 7 days 
 
c) Specimens curing 1 day 
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A.5 Conclusions 
Several types of apparent water content, geopolymer content and fiber content 
were investigated to figure out the solutions to improve the performance of 
geopolymer on the characteristic of geopolymer-modified-sludge. In this chapter, 
compaction method was applied to make the specimens. Two types of experiments 
were carried out to evaluate unconfined compression test (strength characteristics) 
and durability test (drying and wetting test).  The following results were obtained: 
1. Initial curing should be considered with different amount of geopolymer. 
2. Control the apparent water content is the best way to shorten the curing 
time instead of heat curing. Thus, the cost would obviously be reduced 
and the manufacture would be simplified. Even though, utilizing a lot 
amount of paper debris as a fiber material and also water absorption 
component is not the best way to modify the sludge cause the cost for 
huge paper debris quantity. The other materials should be considered 
to reduce the apparent water content instead of paper debris that have 
the main role in restricting shrinkage by changing weather condition. 
3. The failure strength and strain increased if the apparent water content 
is reduced up to 40%. When the apparent water content is lower than 
this value, the failure strength increases meanwhile the failure strain 
decreases. 
4. When the apparent water content is lower than 40%, the curing time of 
modified sludge can be shortened. The curing time can be reduced up to 
7 days and 1 day as the apparent water content is 32.5% and 25%, 
respectively. 
5. Even though the apparent water content can minimize the curing time 
but the amount of geopolymer have to be considered to adopt the 
durability. Thus, depending on the real situation, we have to decide the 
amount of paper and geopolymer to achieve both technical 
requirements and economic issues.  
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